We detect 20 z = 7.0 Lyα emitter (LAE) candidates to L(Lyα) ≥ 2 × 10 42 erg s −1 or 0.3 L * z=7 and in 6.1 × 10 5 Mpc 3 volume in the Subaru Deep Field and the Subaru/XMM-Newton Deep Survey field by 82 and 37 hours of Subaru Suprime-Cam narrowband NB973 and reddest optical y-band imaging. We compare their Lyα and UV luminosity functions (LFs) and densities and Lyα equivalent widths (EWs) to those of z = 5.7, 6.6 and 7.3 LAEs from previous Suprime-Cam surveys. The Lyα LF (density) rapidly declines by a factor of ×1.5 (1.9) in L(Lyα) at z = 5.7-6.6 (160 Myr), ×1.5 (1.6) at z = 6.6-7.0 (60 Myr) at the faint end and ×2.0 (3.8) at z = 7.0-7.3 (40 Myr). Also, in addition to the systematic decrease in EW at z = 5.7-6.6 previously found, 2/3 of the z = 7.0 LAEs detected in the UV continuum exhibit lower EWs than the z = 6.6 ones. Moreover, while the UV LF and density do not evolve at z = 5.7-6.6, they modestly decline at z = 6.6-7.0, implying galaxy evolution contributing to the decline of the Lyα LF. Comparison of the z = 7.0 Lyα LF to the one predicted by an LAE evolution model further reveals that galaxy evolution alone cannot explain all the decline of Lyα LF. If we attribute the discrepancy to Lyα attenuation by neutral hydrogen, the intergalactic medium transmission of Lyα photons at z = 7.0 would be T IGM Lyα ≤ 0.6-0.7. It is lower (higher) than T IGM Lyα at z = 6.6 (7.3) derived by previous studies, suggesting rapid increase in neutral fraction at z > 6.
INTRODUCTION
Observations of distant objects in the first 1 Gyr after the Big Bang have been revealing cosmic reionization history. WMAP and Planck observations of cosmic microwave background (CMB) suggest that reionization occurred at z = 9.1-11.7 and z = 7.4-10.5, respectively (Bennett et al. 2013; Hinshaw et al. 2013; Planck Collaboration et al. 2016a,b) . Meanwhile, Gunn-Peterson (GP) troughs found in z ∼ 6 quasar (QSO) spectra imply that neutral hydrogen fraction of the universe at z ∼ 6 is x z∼6 HI ∼ 0.01-0.04 and reionization might have ended at z ∼ 6 (Fan et al. 2006) . Also, analyses of z ∼ 5.9, 6.3 and 6.7 γ-ray burst (GRB) damping wing absorptions indicate that x HI could increase with redshift with the constraints of x z∼5.9 HI ∼ 0.06, x z∼6.3 HI ≤ 0.17 and x z∼6.7 HI > 0.35 and reionization might not be complete yet at z > 6 (Totani et al. 2006 (Totani et al. , 2014 (Totani et al. , 2016 Greiner et ------------------- † Based on data collected at Subaru Telescope, which is operated by the National Astronomical Observatory of Japan.
14 Kavli Institute Fellow al. 2009, see also McQuinn et al. (2008) for their estimate of x z∼6.3 HI ∼ 0.5 from the same GRB). Another probe of reionization is Lyα emitters (LAEs). Their Lyα luminosity function (LF) could decline as neutral hydrogen absorbs or scatters Lyα photons from LAEs (Malhotra & Rhoads 2004) . According to observations of LAEs to date, Lyα LF does not evolve at 3 z 5.7 (Dawson et al. 2007; Ouchi et al. 2008 ) but significantly declines from z = 5.7 to 6.6 (Hu et al. 2010; Ouchi et al. 2010; Kashikawa et al. 2011; Matthee et al. 2015) . The Lyα LF evolves if LAEs evolve between z = 5.7 and 6.6. However, Kashikawa et al. (2011) also confirmed that the rest frame ultraviolet (UV) continuum LF of LAEs does not evolve between z = 5.7 and 6.6, and thus the LAEs do not significantly evolve over these epochs. This is because the UV LF of LAEs can change only if LAEs evolve in number or luminosity (e.g., due to attenuation of their UV continua by dust), as the UV continuum is not absorbed by neutral hydrogen. Ono et al. (2010) performed a spectral energy distribution (SED) fitting study of z = 5.7 and z = 6.6 LAEs in the samples of Ouchi et al. (2008 Ouchi et al. ( , 2010 using their multiwavelength data and found that these LAE populations on average have negligible dust extinction. Hence, no evolution of UV LF of LAEs at z = 5.7-6.6 suggests that the decline of the Lyα LF from z = 5.7 to z = 6.6 is not due to galaxy evolution but could be attributed to the attenuation of Lyα emission by neutral hydrogen. Comparing the amount of the decline with predictions from various reionization models (e.g., Santos 2004; Furlanetto et al. 2006; Dijkstra et al. 2007; McQuinn et al. 2007 ), Ouchi et al. (2010) and Kashikawa et al. (2011) estimated the neutral fraction at z = 6.6 to be x z=6.6 HI < 0.4. This supports the incomplete reionization at z > 6 suggested by the QSO and GRB observation results. Moreover, Kashikawa et al. (2011) found that the rest frame Lyα equivalent width (EW 0 ) distributions of z ∼ 3-5.7 LAEs are very similar but EW 0 's of z = 6.6 LAEs are significantly lower. This also implies that Lyα emission might be attenuated by neutral hydrogen at z = 6.6.
On the other hand, several theoretical models suggest that cosmic reionization state can be also probed by the spatial distribution of LAEs (e.g., Furlanetto et al. 2006; McQuinn et al. 2007 ). Attenuation of Lyα emission could modulate the sky distribution of LAEs and cause significant apparent clustering. This, if any, can be detected by investigating two point angular correlation function (ACF) of LAEs. Kashikawa et al. (2006) investigated the ACF of 58 z = 6.6 LAE photometric candidates distributed over 876 arcmin 2 sky area of the Subaru Deep Field (SDF, Kashikawa et al. 2004 ) but did not detect any clustering signal. Meanwhile, Ouchi et al. (2010) examined the ACF of 207 z = 6.6 LAE candidates distributed over ∼ 1 deg 2 sky area of the Subaru/XMMNewton Deep Survey field (SXDS, Furusawa et al. 2008) and detected its clustering signal. Comparing the ACF with the predictions by reionization models (Furlanetto et al. 2006; McQuinn et al. 2007) , they constrained the neutral fraction to be x z=6.6 HI 0.5. Furthermore, possible increase in neutral fraction at z > 6 has been also suggested by observations of Lyman break galaxies (LBGs). Some LBGs are known to exhibit strong Lyα emission (EW 0 > 25Å) while some others do not. Fraction of Lyα emitting LBGs increases from z ∼ 3 to 6 but suddenly decreases from z ∼ 6 to 7-8 (Stark et al. 2010 (Stark et al. , 2011 Pentericci et al. 2011 Pentericci et al. , 2014 Ono et al. 2012; Schenker et al. 2012 Schenker et al. , 2014 Tilvi et al. 2014; Caruana et al. 2012 Caruana et al. , 2014 Treu et al. 2012 Treu et al. , 2013 Furusawa et al. 2016) . These studies pointed out that the reversal of the evolution trend at z > 6 could be due to attenuation of Lyα emission by neutral hydrogen and rapid evolution of neutral fraction from z ∼ 6 to 7. Also, recent theoretical studies and simulations have investigated visibility of the Lyα emission line during reionization and predicted redshift evolution of Lyα fraction among galaxies by different reionization models (Dijkstra et al. 2011; Jensen et al. 2013; Mesinger et al. 2015; Choudhury et al. 2015) . Comparisons of their predictions with the observed Lyα fractions among LBGs suggest that rapid evolution of neutral hydrogen is required to fully account for the large drop in Lyα fraction at z > 6.
Meanwhile, to investigate the possibility of incomplete reionization at z = 7.0 (hereafter we simply say z = 7), we also conducted Subaru Telescope Suprime-Cam (Miyazaki et al. 2002) and the narrowband NB973 (λ c = 9755Å, ∆λ FWHM = 200Å, z Lyα = 6.94-7.10, Iye et al. Response curves (solid curves) of the Suprime-Cam z ′ , y and NB973 bands used for our z = 7 LAE study as well as the NB101 band used by Konno et al. (2014) for their z = 7.3 LAE survey. The response curves include the fully-depleted red-sensitive Hamamatsu CCD quantum efficiency, the reflection ratio of the telescope primary mirror, correction for the prime focus optics and transmission to the atmosphere (airmass sec z = 1.2). The OH night sky lines are also overplotted with the dotted curve. The top axis indicates the redshift of Lyα emission corresponding to the wavelength at the bottom axis.
2006, see Figure 1 ) imaging of the SDF and the SXDS (Ota et al. 2008 (Ota et al. , 2010 . We reached the Lyα luminosity limits (5σ) of L(Lyα) lim ∼ 1 × 10 43 erg s −1 (SDF) and 9.2×10 42 erg s −1 (the upper limit on the SXDS survey limit)
1 but detected only one and three z = 7 LAEs in SDF and SXDS, respectively (Iye et al. 2006; Ota et al. 2008 Ota et al. , 2010 . We should have detected 8 z = 7 LAEs in SDF to L(Lyα) lim = 1 × 10 43 erg s −1 and 52 z = 7 LAEs in SXDS to L(Lyα) lim = 4.1 × 10 42 erg s −1 (see footnote 1) if there had been no evolution of the Lyα LF from z = 6.6 to z = 7 in SDF and SXDS 2 . Although our survey limits were shallow and probed only the bright end of the z = 7 Lyα LF, we found that the Lyα LF declines from z = 6.6 to z = 7 more rapidly than it does from z = 5.7 to z = 6.6, and neutral fraction could be higher at z = 7 than z = 6.6; x 1 Note that Ota et al. (2010) very conservatively presented L(Lyα) lim 9.2 × 10 42 erg s −1 as the upper limit on their z = 7 LAE survey limit in SXDS by assuming that all the narrowband flux comes from the Lyα flux of an LAE; F Lyα = F NB973 . This is because there was no broadband image of SXDS covering the UV continuum redwards of the z = 7 Lyα was available at that time. However, the narrowband flux also likely includes the UV continuum flux of an LAE; F Lyα + F UV = F NB973 . Considering the contribution from the UV continuum flux, the actual survey limit of Ota et al. (2010) is deeper: L(Lyα) lim ≃ 4.1 × 10 42 erg s −1 if we use the equation (8) and adopt the Lyα EW threshold of EW 0 = 10Å as a definition of an LAE. See Section 3.7 for the details of estimation of L(Lyα) lim from a narrowband NB973 limiting magnitude.
2 We integrate the best-fit Schechter functions of the z = 6.6 Lyα LFs in SDF and SXDS derived by Kashikawa et al. (2011) and Ouchi et al. (2010) , respectively, to our survey limits and in our survey volumes to estimate the expected detection numbers of LAEs.
∆λ FWHM = 90Å, z Lyα = 7.302 ± 0.037, see Figure 1 ) to detect three and four z = 7.3 LAE candidates reaching L(Lyα) lim ∼ 4.1 × 10 42 erg s −1 and 2.4 × 10 42 erg s −1
in SXDS and the Cosmic Evolution Survey (COSMOS, Scoville et al. 2007 ) fields. They confirmed that the Lyα LF of LAEs declines from z = 6.6 to 7.3 more rapidly than it does from z = 5.7 to 6.6. Konno et al. (2014) also compared the redshift evolution of the Lyα luminosity density of LAEs (ρ LAE Lyα ) over z = 5.7-7.3 with that of the UV continuum luminosity density of LBGs (ρ LBG UV ) over z ∼ 6-10 and found that ρ LAE Lyα modestly decreases from z = 5.7 to z = 6.6 and sharply decreases from z = 6.6 to z = 7.3 while ρ LBG UV modestly decreases from z ∼ 6 to z ∼ 8 and sharply decreases from z ∼ 8 to z ∼ 10. Based on this result, they claimed that the sharp (accelerating) decrease in ρ LAE Lyα at z > 6.6 is not due to galaxy (LAE) evolution but could be attributed to attenuation of Lyα emission of LAEs by neutral hydrogen.
It should be noted that this conclusion assumes that evolution of LAEs and LBGs are the same at z ∼ 6-10. Despite some overlaps, they are two different galaxy populations selected by different photometric methods. LAEs are selected by detecting their Lyα emission using a combination of narrowband and broadband filters and thus tend to be bright in Lyα emission but faint in UV continuum while LBGs are selected by detecting their UV continua using broadband filters and thus inclined to be bright in UV continuum but not necessarily bright in Lyα. Also, while high redshift (e.g., z ∼ 5.7-6.6) LAEs have almost negligible dust extinction (e.g., Ono et al. 2010) , some LBGs suffer significant dust attenuation in their UV continua (e.g., Schaerer & de Barros 2010; de Barros et al. 2014) . Hence, the evolution of LAEs and LBGs may not necessarily be the same at z ∼ 6-10, and thus the evolution of ρ LBG UV at z ∼ 6-10 might not reflect that of the UV continuum luminosity density of LAEs (ρ LAE UV ) at those epochs. To examine whether the LAEs evolve or not at z > 6.6, we have to derive the UV LF of LAEs to as a deep flux limit as possible.
Although our previous z = 7 LAE surveys and the Konno et al. (2014) z = 7.3 LAE survey might have caught a possible sign of rapidly increasing neutral fraction at z > 6.6, there is still room for further and deliberate investigations before we come to this conclusion. In our previous z = 7 LAE surveys, we confirmed that the Lyα LF of LAEs declines from z = 6.6 to z = 7 but the UV LF of LAEs does not (Ota et al. 2008 (Ota et al. , 2010 . However, we probed only the bright ends of the LFs and thus do not know what the Lyα and UV LFs of z = 7 LAEs entirely look like to their faint ends.
Meanwhile, in the z = 7.3 LAE survey, Konno et al. (2014) confirmed that the Lyα LF of LAEs declines from z = 6.6 to z = 7.3 to fainter Lyα luminosity limits. However, they did not derive the Lyα EWs nor the UV LF of z = 7.3 LAEs because any broadband image covering the UV continua of z = 7.3 LAEs redwards of their Lyα was not available. They also selected photometric z = 7.3 LAE candidates using the narrowband NB101 and z ′ band. As seen in Figure 1 , the z ′ band is sensitive to the wavelengths completely blueward of z = 7.3 Lyα (λ 10000Å) while NB101 is sensitive to the wavelengths 10050-10140Å. Their LAE sample selection as well as estimates of Lyα luminosities of z = 7.3 LAE candidates and their survey limits (in Lyα flux or luminosity) are based on NB101 and z ′ band magnitudes. This selection method is more like a dropout technique and could selectively detect LBGs and LAEs with a bright UV continuum detectable even in the narrowband NB101. This may result in apparently extremely low number of detected LAEs. To estimate Lyα luminosities and survey limits more accurately and not to miss detecting any LAE candidates with faint UV continua with unbiased sampling of LAEs, deep broadband imaging covering wavelengths redwards of Lyα emission is necessary. Also, such a broadband image is indispensable to deriving the Lyα EWs and the UV LF of LAEs.
To address all these issues, in this study, we have obtained very deep imaging of SDF and SXDS in NB973 as well as the reddest optical y band 3 (λ c = 9860Å, ∆λ FWHM = 590Å, see Figure 1 ) sufficiently covering the UV continuum wavelengths redwards of z = 7 Lyα to derive the z = 7 Lyα and UV LFs as well as the z = 7 Lyα EW distribution to the survey limit comparable to those of the previous Subaru z = 5.7, z = 6.6 and z = 7.3 LAE surveys. Moreover, in the case of SDF, the R, i ′ and z ′ band images 0.4-0.7 mag deeper than the ones we used for our previous SDF z = 7 LAE survey is now available (Poznanski et al. 2007; Graur et al. 2011; Toshikawa et al. 2012 ). This also helps improve our selection of z = 7 LAEs in more effectively removing foreground interlopers and detecting LAEs down to as faint Lyα emission as possible, which might be severely attenuated by neutral fraction. As we will show in the subsequent sections, we have detected 20 LAEs with the EW 0 > 10Å threshold and to ∼ 0.3L * z=7 , where the L * z=7 is the characteristic Lyα luminosity of z = 7 LAEs, and in the comoving volume of 6.1 × 10 5 Mpc 3 in SDF plus SXDS. This is the fairly large and deepest z = 7 LAE sample ever obtained at this moment. We will use this sample to investigate reionization state at z = 7.
On the other hand, shortly after our present study, Zheng et al. (2017) very recently reported the first results from their ongoing large area sensitive survey of z = 6.9 LAEs, LAGER (Lyman Alpha Galaxies in the Epoch of Reionization) project. Using the narrowband filter NB964 (λ c ∼ 9642Å, ∆λ FWHM ∼ 90Å, z Lyα ∼ 6.89-6.97) and the Dark-Energy Camera (DECam, 3 deg 2 field-of-view) on the NOAO/CTIO 4m Blanco telescope, they imaged the COSMOS field and detected 27 z = 6.9 LAE candidates in the central 2 deg 2 region to L(Lyα) ∼ 4 × 10 42 erg s −1 . They found that the Lyα LF and luminosity density significantly declines from z = 5.7 and 6.6 to z = 6.9 at 42.6 < log L(Lyα) < 43.2 while there is an excess of number of the bright LAE candidates at 43.2 < log L(Lyα) < 43.6 where the Lyα LF only very modestly changes among z = 5.7, 6.6 and 6.9. Comparing the z = 6.9 Lyα LF and the decline of Lyα luminosity density from z = 5.7 to 6.9 with reionization models, they constrained the neutral fraction to be x z=6.9 HI ∼ 0.4-0.6. This is consistent with the constraints x z=7 HI ∼ 0.32-0.64 and x z=7.3 HI < 0.3-0.8 obtained by our previous z = 7 LAE surveys (Ota et al. 2008 (Ota et al. , 2010 ) and the z = 7.3 LAE survey by Konno et al. (2014) , further supporting 25-26, 2008 Nov 30, 2013 Nov 27, 2014 Note. -a FWHM of PSFs. Those in parentheses are the FWHMs of PSFs convolved to be matched to that of the NB973 image in each field for the purpose of color measurements by aperture photometry (see Section 3.1 for details). b Effective areas of the NB973 images after removing the masked regions and the low S/N edges. c Magnitude zeropoint. d 3σ limiting magnitude measured in a 2 ′′ diameter aperture. e These are different from the magnitudes evaluated by Toshikawa et al. (2012) as we measured the limiting magnitudes by ourselves. Our measurements in R and i ′ is similar to those of Toshikawa et al. (2012) while our measurement in z ′ is 0.2 mag deeper than that of Toshikawa et al. (2012) . f This image was created by stacking y band exposures taken with the MIT-LL CCDs and the Hamamatsu CCDs in Suprime-Cam. g These NB973 exposures were taken by using the MIT-LL CCDs while all the other NB973 exposures by the Hamamatsu CCDs. h This observation was conducted by Tadaki et al. (2012) .
the rapid increase in neutral hydrogen in IGM with redshift at z > 6. We will also compare our new constraint on reionization from the present work with the result from Zheng et al. (2017) . This paper is organized as follows. In Section 2, we describe our observations and data reduction. Then, in Section 3, we perform photometry, select z = 7 LAE candidates and estimate their physical properties. We derive the Lyα and UV LFs as well as the Lyα EWs of z = 7 LAEs and compare them with those of z = 5.7, 6.6 and 7.3 LAEs derived by the previous Subaru LAE surveys to the comparable survey limits in Section 4. Based on these results, we discuss the implications for galaxy evolution and cosmic reionization in Section 5. We summarize and conclude our study in Section 6. Throughout, we adapt AB magnitudes (Oke 1974 ) and a concordance cosmology with (Ω m , Ω Λ , h) = (0.3, 0.7, 0.7) consistent with the constraints by the recent WMAP and Planck observations (Bennett et al. 2013; Hinshaw et al. 2013; Planck Collaboration et al. 2016a) , unless otherwise specified.
OBSERVATION AND DATA REDUCTION
In our previous z = 7 LAE surveys, we imaged the SDF (13 h 24 m 38. s 9, +27
• 29 ′ 25. ′′ 9 (J2000), Iye et al. 2006; Ota et al. 2008 ) and a part of the UKIDSS Ultra Deep Survey field (UKIDSS-UDS, Lawrence et al. 2007) For the SDF survey, Iye et al. (2006) and Ota et al. (2008) used the public broadband B, V , R, i ′ , z ′ and narrowband NB816 (λ c = 8150Å, ∆λ FWHM = 120Å, z Lyα = 5.65-5.75) and NB921 (λ c = 9196Å, ∆λ FWHM = 132Å, z Lyα = 6.51-6.62) images of SDF 4 . Currently, the SDF R, i ′ and z ′ images 0.4-0.7 mag deeper than the public images (Poznanski et al. 2007; Graur et al. 2011; Toshikawa et al. 2012) are available, and we use them in this study along with the public B, V , NB816 and NB921 images.
Meanwhile, the entire SXDS field has an area of ∼ 1.3 deg 2 and consists of five pointing of Suprime-Cam. They are called SXDS-C, SXDS-N, SXDS-S, SXDS-E, and SXDS-W with the central coordinates 02
h 18 m 00. s 00, −05
• 00 ′ 00 ′′ (J2000) of the SXDS-C corresponding to the center of the entire SXDS field. The deep public B, V , R, i ′ and z ′ images of SXDS 5 (Furusawa et al. 2008 ) are available for all the five subfields. Also, the deep narrowband NB816 and NB921 images of the SXDS were taken by Ouchi et al. (2008 Ouchi et al. ( , 2009 . Moreover, the SXDS field has been observed with several different wavelengths from X-ray to radio. Hence, multiwavelength study of z = 7 LAEs is also possible. For example, parts of the SXDS-C and the SXDS-S have been observed by the UKIDSS-UDS (Lawrence et al. 2007) , the Spitzer Space Telescope legacy (SpUDS; PI: J. Dunlop), the SEDS (PI G. Fazio) and the Hubble Space Telescope CANDELS (Grogin et al. 2011; Koekemoer et al. 2011) surveys. However, the SXDS-C includes a few bright stars whose stellar halos contaminate large areas. Hence, to image the same area as the multiwavelength surveys and to avoid those bright stars, Ota et al. (2010) observed an area between the SXDS-C and the SXDS-S in the NB973 filter by one pointing of the Suprime-Cam as shown in Figure 2 in their paper.
We extend our previous SDF and SXDS z = 7 LAE surveys by substantially deepening the NB973 images and obtaining y band images. Details of these NB973 and y band imaging data as well as other band data used in this study are shown in Table 1 . For our previous survey in SDF, Iye et al. (2006) and Ota et al. (2008) used 15 hr of NB973 imaging of SDF taken in 2005 with the MIT-Lincoln Laboratory (MIT-LL) CCDs installed in Suprime-Cam (Miyazaki et al. 2002) , which is about twice less sensitive to z ∼ 7 Lyα emission than the Hamamatsu fully depleted red-sensitive CCDs installed in Suprime-Cam since 2008 (Kamata et al. 2008) . In this study, we additionally use the NB973 imaging of SDF taken with either the MIT-LL or the Hamamatsu CCDs in 2004 (test observations in NB973 with short exposures), 2007, 2013, and 2015 . The y band imaging of SDF was taken with either the MIT-LL or the Hamamatsu CCDs in 2003 CCDs in , 2004 CCDs in , 2007 CCDs in and 2009 , and using these data, the final deep stacked image was created by Ouchi et al. (2009) (see Table 1 of their paper for details of the SDF y band image). The total integration time is 26.3 hr. Ouchi et al. (2009) stacked y band exposures taken with the MIT-LL and the Hamamatsu CCDs because the shapes of y band total response curves are almost identical between the data of these CCDs. We also confirmed the same for the shapes of the NB973 filter response curves, and thus we combine the NB973 exposures taken with the both CCDs.
Meanwhile, for our previous z = 7 LAE survey in SXDS, Ota et al. (2010) used 13 hr of NB973 imaging of SXDS taken in 2008. In this study, we additionally use NB973 imaging of SXDS newly taken in 2013 and 2014. The y band imaging of the same part of the SXDS field was first taken in 2010 by Tadaki et al. (2012) for different science objectives, and we took additional y band imaging in 2013 and 2014 in order to deepen the data. All the NB973 and y band exposures of SXDS were taken with the Hamamatsu CCDs in Suprime-Cam.
Except for the final stacked y band image of SDF created by Ouchi et al. (2009) , we reduced the raw NB973 (y band) exposures of SDF and SXDS (SXDS) to create the final stacked science images. We performed the data reduction using the software SDFRED2 (Yagi et al. 2002; Ouchi et al. 2004) in the same standard manner as in Kashikawa et al. (2004) and Ota et al. (2008) , including bias subtraction, flat-fielding, distortion correction, measuring/matching of point spread functions (PSFs) between the 10 CCD chips in Suprime-Cam, sky subtraction and masking of the shadow of the auto guider probe. Then, the dithered exposure frames were matched and stacked. We did not use the individual exposures having full width at half maximum (FWHM) of PSF larger than 1.
′′ 0 as they degrade the final stacked image while they do not help improve the depth. The integration times of the final stacked images are 58.9 hr for the SDF NB973 image, and 23.1 hr and 11.0 hr for the SXDS NB973 and y band images, respectively. Meanwhile, images of the spectrophotometric standard stars GD71 and GD50 (Oke 1990 ) taken in NB973 and y band were used to calibrate the photometric zero points of the NB973 and y band images. Figure 2 . y − NB973, z ′ − NB973 and z ′ − y colors (Suprime-Cam z ′ , NB973 and y bands) as a function of redshift of our model LAEs/LBGs, several types of galaxies and M/L/T type dwarf stars (left, middle and right panels, respectively). Here we plot colors of our model LAEs/LBGs with only a UV continuum slope β = −3 and several different rest frame Lyα EWs (EW 0 ) as an example because recent study of Ono et al. (2010) found that z ∼ 7 LBGs and z ∼ 5.7 and z ∼ 6.6 LAEs have β ∼ −3, but we have confirmed that these three colors do not change much with β. The colors of E (elliptical), Sbc, Scd and Im (irregular) galaxies were calculated using Coleman et al. (1980) template spectra. Also, colors of M/L/T dwarfs (specifically, types M3-M9.5, L0-L9.5 and T0-T8) were calculated using their observed spectra provided by Burgasser et al. (2004 Burgasser et al. ( , 2006a Burgasser et al. ( ,b, 2008 Burgasser et al. ( , 2010 and Kirkpatrick et al. (2010) at the SpeX Prism Spectral Libraries (see footnote 6). The vertical lines show our target redshift z = 7 while the horizontal lines indicate the z = 7 LAE color selection criteria we finally adopted, y − NB973 > 0 (see footnote 7 and Section 3.8 for details), z ′ − NB973 > 1 and z ′ − y > 1.5.
Photometry and Object Catalogs
In order to select z = 7 LAEs in SDF and SXDS fields, we performed photometry to make the NB973-detected object catalogs. In selecting z = 7 LAE candidates, along with the NB973 and y band images, we used the public B, V , NB816 and NB921 band images of SDF (Kashikawa et al. 2004) , SDF R, i ′ and z ′ band images 0.4-0.7 mag deeper than the public images (Poznanski et al. 2007; Graur et al. 2011; Toshikawa et al. 2012 ) and the public B, V , R, i ′ and z ′ band images of SXDS (Furusawa et al. 2008 ) and the NB816 and NB921 images of SXDS taken by Ouchi et al. (2008 Ouchi et al. ( , 2009 ). Thus, we registered the NB973 and y band images to the public images by using positions of the stellar objects commonly detected in these images. The deep SDF R, i ′ and z ′ images were also registered to the SDF public images. In the case of SXDS, the NB973 and y band images were registered to the public SXDS-C and SXDS-S images to produce the four images we hereafter call NB973-SXDS-C, NB973-SXDS-S, y-SXDS-C and y-SXDS-S images, respectively. The NB816 and NB921 images of SXDS-C and SXDS-S were also registered to the public images of SXDS-C and SXDS-S, respectively. Then, we copied the astrometry of the public SDF and SXDS images to the NB973 and y band images of SDF and SXDS, respectively (see Kashikawa et al. 2004; Furusawa et al. 2008 , for the details of astrometry of the SDF and SXDS images). The SDF NB973 image and the SXDS NB973 and y band images have the PSF FWHMs of ≃ 1.
′′ 0 as the worst PSF FWHM among the CCD chips in the individual exposures finally used for stacking was ≃ 1.
′′ 0 because we discarded the exposures having PSFs larger than 1.
′′ 0 right before the PSF matching among the CCD chips during the data reduction. As seen in Sections 3.3 and 3.8, we use z ′ − y, z ′ − NB973 and y − NB973 colors to select z = 7 LAE candidates. To measure the colors accurately with a common aperture photometry, the PSF FWHMs of the z ′ , y and NB973 images should be the same. Hence, we convolved the z ′ and y band images to have the same PSF FWHM as those of the NB973 images (see Table 1 ).
We used the SExtractor software version 2.8.6 (Bertin & Arnouts 1996) for source detection and photometry. The Suprime-Cam CCDs have a pixel size of 0.
′′ 202 pixel −1 . We considered an area larger than five contiguous pixels with a flux (mag arcsec −2 ) greater than 2σ (two times the background rms) to be an object. Object detections were first made in the NB973 images, and then photometry was performed in the B, V , R, i ′ , z ′ , y, NB816, NB921 and NB973 images, using the doubleimage mode. We measured 2 ′′ aperture magnitudes of the detected objects with MAG APER parameter and total magnitudes with MAG AUTO (we also used MAG APER + aperture correction to estimate total magnitudes; see Section 3.4.1 for more details). The NB973-detected object catalogs were constructed for SDF and SXDS by combining the photometry in all the bands. Meanwhile, we also measured the limiting magnitudes of the images by placing 2 ′′ apertures in random blank positions excluding the low signal-to-noise ratio (S/N) regions near the edges of the images (see Section 3.3 for the details of removing such edge regions). The limiting magnitudes of the images are shown in Table 1. 3.2. Simulating Expected Colors of z = 7 LAEs and Potential Contaminants Figure 1 shows that the bandpass of NB973 is located at the red side of but within the z ′ band as well as at the slightly blue side of but almost in the middle of the y band. If Lyα emission of an LAE is redshifted in the bandpass of NB973, it is expected to show significant excess in NB973 with respect to z ′ and possibly y. Also, such an LAE would exhibit red z ′ − y color due to its Lyα emission and Lyman break by significant intergalactic medium (IGM) absorption. These characteristics can be used to isolate z = 7 LAEs from other objects. In our previous z = 7 LAE surveys in SDF and SXDS, we photometrically selected z = 7 LAE candidates mainly using z ′ − NB973 color without y band data (Iye et al. 2006; Ota et al. 2008 Ota et al. , 2010 ). Now we have deep y band data, we consider using z ′ − y as well as z ′ − NB973 and/or y − NB973 colors for the LAE selection. In order to determine these color criteria, we examined expected colors of LAEs. Figure 2 shows z ′ − y, z ′ − NB973 and y − NB973 colors as a function of redshift of model LAEs as well as other types of galaxies and M/L/T type dwarf stars, which may be potential contaminants. We created model spectra of LAEs by assuming the power-law continuum f λ ∝ λ β with several different UV continuum slopes β = −3, −2, −1 and 0 and adding them the Lyα emission with rest-frame equivalent width of EW 0 = 0 (no emission), 20, 50, 150 and 300Å. We did not assume any specific line profile or velocity dispersion of Lyα emission. Instead, we simply added the total line flux value to the spectra at 1216Å. Then, we redshifted the spectra to z = 0-8 and applied IGM absorption to them by using the prescription of Madau (1995) . Colors of these model LAEs were calculated using their redshifted spectra and response curves of the Suprime-Cam z ′ , y and NB973 filters. While we assumed the UV continuum slopes β = −3, −2, −1 and 0 to cover the possible variety of LAEs and check their expected colors, it would be worth noting that Ono et al. (2010) found β ∼ −3 for z ∼ 5.7 and z ∼ 6.6 LAEs by performing an SED-fitting study. We show colors of the model LAEs with β = −3 for example in Figure 2 .
For comparison, we also calculated the colors of E (elliptical), Sbc, Scd and Im (irregular) galaxies by using the filter response curves and the Coleman et al. (1980) template spectra and also plot them in Figure  2 . Moreover, we plot the colors of M/L/T type dwarf stars (specifically, types M3-M9.5, L0-L9.5 and T0-T8), which can be interlopers, in Figure 2 . We calculated the colors by using the filter response curves and their actual spectra provided by Burgasser et al. (2004 Burgasser et al. ( , 2006a Burgasser et al. ( ,b, 2008 Burgasser et al. ( , 2010 and Kirkpatrick et al. (2010) at the SpeX Prism Spectral Libraries 6 . As seen in the color-redshift diagrams, z ∼ 7 LAEs are expected to show very red colors of z ′ − y 1.5, strong narrowband excess of z ′ − NB973 1.0 but possibly either modest narrowband excess of 0 < y − NB973 < 1 or even depression of y−NB973 < 0 to −1. Hence, at this stage we adopt z ′ −y > 1.5 and z ′ −NB973 > 1.0 colors as parts of our z = 7 LAE selection criteria rather than y − NB973 color 7 . Figure 2 shows that low redshift galaxies are expected to be removed by these color criteria. On the other hand, by imposing these color criteria alone, we cannot completely eliminate T dwarfs as some of them exhibit colors of z ′ − y ∼ 1.5-1.8 and z ′ − NB973 ∼ 1-1.3. However, by imposing null detections in wavebands bluewards of z ∼ 7 Lyα (i.e., B, V , R, i ′ , NB816 and NB921) where fluxes of an LAE are absorbed by IGM, we could effectively remove dwarfs. For example, Taniguchi et al. (2005) and Shimasaku et al. (2006) selected 58 z ∼ 6.6 and 89 z ∼ 5.7 LAE candidates by using the SuprimeCam filters and the color criteria analogous to ours and imposing null detections in wavebands bluewards of Lyα (less than 2σ in B and V , R − z ′ ≥ 1.5 and z ′ − NB816 ≥ 1.5 for z ∼ 5.7 LAEs; less than 3σ in B, V and R, i ′ −z ′ > 1.3 and z ′ − NB921 > 1.0 for z ∼ 6.6 LAEs). Kashikawa et al. (2006 Kashikawa et al. ( , 2011 conducted spectroscopy of 66 out of 89 z ∼ 5.7 LAE candidates and 52 out of 58 z ∼ 6.6 LAE candidates in their studies and detected no dwarf stars. Hence, we expect that contamination of our sample by dwarfs would be very low or could be zero. Moreover, 6 http://pono.ucsd.edu/˜adam/browndwarfs/spexprism/library.html 7 However, note that in Section 3.8 we find/show that the objects detected by the color cuts z ′ − y > 1.5 and z ′ − NB973 > 1.0 (i.e. the z = 7 LAE selection criteria (1)) can be classified into either those with strong Lyα EWs (EW 0 > 10Å) and y − NB973 > 0 colors (considered z = 7 LAEs) or those with extremely low/zero Lyα EWs (EW 0 ≃ 0-1Å) and y − NB973 < 0 colors (considered T-type dwarf stars or z ∼ 6.8-7.1 LBGs) based on our analysis of Lyα and UV continuum fluxes of z = 7 LAE candidates using the equation (2). Thus we will later adopt an additional color criterion y −NB973 > 0 to further remove contamination from T-type dwarf stars and LBGs (The left panel of Figure 2 also shows that T-type dwarf stars have a color of y − NB973 < 0).
in Section 3.8 we will show that the contamination from T-type dwarfs can be negligible by further adopting an additional color criterion y − NB973 > 0.
Meanwhile, another source of contamination is lower redshift LAEs and LBGs with EW 0 = 0 at 6.5 z < 6.9 which could have z ′ −y > 1.5 and z ′ −NB973 > 1.0 colors as seen in Figure 2 . Note that bandpasses of the NB973 and y bands overlap with the wavelength range at the red edge of the z ′ band as seen in Figure 1 . This could cause LAEs and LBGs at 6.5 z < 6.9 to exhibit z ′ − y > 1.5 and z ′ − NB973 > 1.0 colors, if such galaxies have bright and steep UV continua. For example, Ota et al. (2008) found that a z = 6.6 LAE detected in NB921 by Taniguchi et al. (2005) and spectroscopically identified by Kashikawa et al. (2006) actually satisfied the color criterion z ′ −NB973 > 1 (see Figure 3 and Table 1 in Ota et al. 2008) . Hence, the null detection in NB921 band, also previously adopted by Ota et al. (2008) , is important to remove such lower redshift LAEs from the z = 7 LAE selection. However, the rate of such contamination seems to be very low or zero. We examined z ′ − NB973 and z ′ −y colors and NB973 magnitudes of the 58 photometric z ∼ 6.6 LAE candidates in SDF (the sample of Taniguchi et al. 2005; Kashikawa et al. 2006 Kashikawa et al. , 2011 . We found that 7 out of them are detected in NB973 < 26.2 (4σ limiting magnitude in SDF which is deeper than that in SXDS), of which only one satisfies z ′ − NB973 > 1 and none meets z ′ − y > 1.5.
3.3. Selection of z = 7 LAE Candidates Eventually, we used the following criteria (all the magnitudes are measured in a 2 ′′ aperture) to select z = 7 LAE candidates.
We limit our z = 7 LAE samples in SDF and SXDS to NB973 ≤ NB973 4σ where NB973 4σ is the 4σ limiting magnitude (NB973 = 26.20 and 25.83 in SDF and SXDS, respectively) . The B 2σ , V 2σ , R 2σ , i ′ 2σ , NB816 2σ , NB921 2σ and z ′ 2σ are the 2σ limiting magnitudes in B, V , R, i ′ , NB816, NB921 and z ′ . As the fluxes of LAEs bluewards of the z ∼ 7 Lyα emission are absorbed by IGM, we impose null detections (fainter than 2σ limiting magnitudes) in B, V , R, i ′ , NB816 and NB921 bands. These criteria help remove contamination from dwarf stars and low redshift interlopers including LAEs/LBGs at z ∼ 6.5-6.8 as discussed above. Figure 2 shows that the criterion z ′ − NB973 > 1.0 corresponds to the rest frame Lyα EW threshold of EW 0 ≥ 0 and can also detect z ∼ 7 LBGs with a zero or extremely weak Lyα emission (EW 0 = 0-10Å) as contaminants. However, as described in Section 3.8, we can remove such interlopers by estimating their EW 0 's by using their NB973 and y-band total magnitudes and the equation (2).
To select z = 7 LAE candidates in the SDF and SXDS fields, we first masked blooming, smearing and halos of large bright stars, large galaxies, bad pixels and low S/N edge regions in the SDF and SXDS images by applying the public SDF and SXDS masking programs (Kashikawa et al. 2004; Furusawa et al. 2008 ) to our NB973-detected object catalogs made in Section 3.1.
Then, we further applied the criteria (1) to the NB973-detected object catalogs. In this process, if z ′ band magnitude of a source in the catalog is fainter than 1σ (i.e., z ′ > z ′ 1σ ), we replaced it by z ′ 1σ . We found that the criteria (1) yielded a large number of objects, and most of them are located in the low S/N regions near the edges of the SDF and SXDS NB973 images which arose from the dithering at the time of observations and fringing peculiar to these images and were thus not masked by the public masking program. This implies that most of them could be noises that appear only in the NB973 images and not in the other wavebands. To examine if they are noises, we created the negative NB973 images by multiplying each pixel value by −1, performed source detection running SExtractor and limit the detected objects to NB973 ≤ NB973 4σ . The low S/N edge regions of the NB973 images where a large number of sources passed the criteria (1) was dominated with negative detections, which are considered noises. Hence, we removed the sources at these edge regions from the lists of objects that passed the LAE criteria (1). This left 25 and 14 objects in SDF and SXDS, respectively.
To further eliminate possible spurious sources, if any, we visually inspected B, V , R, i ′ , z ′ , y, NB816, NB921 and NB973 images of each of these sources. We especially removed obviously spurious sources such as columns of bad pixels, pixels saturated with bright stars, their blooming, smearing and halos (those not removed by the previous masking process), noise events of deformed shapes, and scattering pixels having anomalously large fluxes. Also, we removed objects seen very faintly in B, V , R, i ′ , NB816 and NB921 bands (i.e., wavebands bluewards of z ∼ 7 Lyα) even though we imposed less than 2σ criterion on these bands as a part of the LAE selection criteria (1). After the visual inspection, we were left with 18 and 6 sources in SDF and SXDS, respectively.
In Section 3.8 (see the text there for details), we will further remove 4 objects in SDF whose estimated Lyα emission are extremely weak or zero (EW 0 ≤ 10Å). Hence, we consider 14 and 6 sources in SDF and SXDS to be our final z = 7 LAE candidates.
Our z = 7 LAE criteria (1) successfully re-select a z = 6.96 LAE, IOK-1, in SDF (dubbed NB973-SDF-85821 in this paper), which we previously spectroscopically confirmed (Iye et al. 2006; Ota et al. 2008) . Moreover, the selected LAE candidates in SXDS successfully include two out of the three z = 7 LAE candidates, NB973-SXDS-S-113268 and NB973-SXDS-S-66924 (dubbed NB973-SXDS-S-95993 and NB973-SXDS-S-66036, respectively, in this paper), which we selected previously without y band (Ota et al. 2010 ). However, we could not re-select the other z = 7 LAE candidate NB973-SXDS-S-5729 Ota et al. (2010) previously selected because this object is located slightly inside one of the low S/N edge regions we trimmed off our NB973 image. Ota et al. (2010) also trimmed the similar low S/N edge region that determined by a negative image test similar to what we did in this study but our trimmed region is slightly larger than theirs. Nevertheless, the object is also detected in our deeper NB973 image and satisfies our LAE selection criteria (1) except for the criterion NB973 ≤ NB973 4σ . Its NB973 2 ′′ aperture magnitude is 0.67 mag fainter than what Ota et al. (2010) measured. This could be because the photometry of this object is affected by two factors. (i) Our NB973 image is deeper and has less positive noises (sky background residuals) than that of Ota et al. (2010) at/around the position of the object. (ii) The object slightly partly blends with its neighbor. The object and/or neighbor might be a variable object and became fainter. Ota et al. (2010) checked the magnitudes of this object in the NB973 images taken in October and November 2008 and confirmed no variability in one month interval. However, we created our current NB973 image by stacking not only exposures taken in 2008 but also those in 2013 and 2014. If the object is variable and became significantly fainter in 2013 and/or 2014, its magnitude measured in our NB973 image would be also fainter. Eventually, as we cannot clearly conclude whether this object can be a z = 7 LAE and it is located within our trimmed region, we do not include it in our LAE sample.
3.4. Magnitudes, Colors and Images of the z = 7 LAE Candidates The color-magnitude (z ′ − NB973 versus NB973) and two color (z ′ −NB973 versus z ′ −y) diagrams of our z = 7 LAE candidates and all the NB973-detected objects are plotted in Figure 3 . The B, V , R, i ′ , NB816, NB921, z ′ , NB973 and y images of the z = 7 LAE candidates in SDF and SXDS are shown in Figures 4 and 5, respectively. The ID (dubbed based on SExtractor detection NUMBER and our survey fields), coordinates, z ′ , NB973 and y band magnitudes, colors and stellarities of the z = 7 LAE candidates are listed in Table 2 .
The stellarity is the star/galaxy classifier index measured for each LAE candidate and given as CLASS STAR parameter by SExtractor. It is 0 for a galaxy, 1 for a star, or any intermediate value for more ambiguous objects (Bertin & Arnouts 1996) . One of the LAE candidates, NB973-SXDS-S-95993, has somewhat high value 0.85 although we cannot tell whether it is a z = 7 LAE or a dwarf star until we obtain its spectrum. On the other hand, all the other LAE candidates have relatively to considerably low stellarities of 0.0-0.77. This supports our earlier argument that our LAE selection criteria would include very low or zero contamination by dwarfs.
Total Magnitudes and Aperture Corrections for Blended Sources
Meanwhile, the total NB973 magnitudes listed in Table  2 were measured by the MAG AUTO parameter of SExtractor for the z = 7 LAE candidates unblended with any other objects. In this case, SExtractor returns a FLAGS value of 0 to the objects detected in NB973. 12 out of the 20 LAE candidates in SDF and SXDS are unblended with FLAGS = 0 in the NB973 images except for one LAE candidate NB973-SDF-128564 which has FLAGS = 0 but blends with faint noise sources near it. Konno et al. (2014) pointed out that MAG AUTO magnitude measurements could be biased in the case of faint objects near a limiting magnitude. To examine this, we also estimated total magnitudes of the 12 unblended LAE candidates by performing multi-aperture photometry (between 2 ′′ -5 ′′ with small steps and not including other objects inside), plotting curves of magnitude versus aperture and measuring their plateaus. The total magnitudes measured by MAG AUTO and the multi-aperture photometry were in good agreement for all the unblended LAE candidates.
Hence, we conclude that we can safely adopt MAG AUTO Note. -Units of coordinate are hours: minutes: seconds (right ascension) and degrees: arcminutes: arcseconds (declination) using J2000.0 equinox. z ′ , NB973 and y are all 2 ′′ aperture magnitudes (2 ′′ ≃ 2× FWHMs of PSFs of z ′ , NB973 and y band images) while NB973 total and y total are total magnitudes. The magnitudes between 1σ and 2σ levels are put in parentheses. Magnitudes are replaced by their 1σ limits if they are fainter than the limits. The LAE candidates in each field are listed in the order of increasing NB973 2 ′′ aperture magnitude. The z ′ − y, z ′ − NB973 and y − NB973 colors were calculated from the 2 ′′ aperture magnitudes and/or their 1σ limits. The stellarity is the star/galaxy classifier index measured and given as CLASS STAR parameter by SExtractor. It is 0 for a galaxy, 1 for a star, or any intermediate value for more ambiguous objects (Bertin & Arnouts 1996) . a This object is a z = 6.96 LAE, IOK-1, previously spectroscopically confirmed by Iye et al. (2006) , Ota et al. (2008) and Ono et al. (2012) . b These total NB973 magnitudes were estimated by applying the aperture correction (−0.2 mag for NB973, see Section 3.4.1) to their 2 ′′ aperture NB973 magnitudes because these LAE candidates have bright close neighbors and/or slightly blend with another object (values 1 and/or 2 in SExtractor FLAGS parameter), which biases the MAG AUTO measurements by SExtractor. All the other LAE candidates neither have any bright close neighbor nor blend with any objects (value 0 in FLAGS), and thus we adopt the MAG AUTO measured by SExtractor as their total magnitudes. c These LAE candidates are visually seen and detected by the SExtractor single image photometry in the y band images while all the others are either unseen and undetected or visually faintly seen but undetected by the SExtractor single image photometry in the y band images (see Figures 4 and 5 and footnote f). d For y band total magnitude, y total , we adopt MAG AUTO measured by the single image photometry on the y band images by SExtractor rather than the double-image mode with the NB973 images as the latter's MAG AUTO measurement does not always estimate total magnitudes accurately while the former does for unblended objects. The y total 's of the objects not visually seen and/or undetected by SExtractor single image mode in y band are left blank. e These LAE candidates blend with other objects in NB973 but do not (FLAGS = 0) in y band. f These LAE candidates are visually faintly seen but undetected by the SExtractor single image photometry in the y band images. However, their 2 ′′ aperture y band magnitudes measured by the SExtractor double image photometry in the NB973 and the y band images are > 2σ (2.3σ in NB973-SDF-137578 and 3.2σ in NB973-SXDS-C-66280). Hence, we applied the aperture correction (−0.1 mag for y band, see Section 3.4.1) to their 2 ′′ aperture y band magnitudes to estimate their y total 's. g These four objects have colors of y − NB973 < 0 and turn out to exhibit extremely faint or zero Lyα fluxes (f (Lyα) 1.7 × 10 −18 erg s −1 cm −2 and EW0 0.17Å, see Table 3 ) as a result of calculating f line and fc by the equation (2). Hence, we consider them z ∼ 7 LBGs with a bright UV continuum and extremely faint or no Lyα emission (T-type dwarf stars can exhibit colors of z ′ − y > 1.5, z ′ − NB973 > 1 and y − NB973 < 0, but given the low stellarities of these four objects, they are likely LBGs) and remove them from our z = 7 LAE sample. h This object has SExtractor FLAGS = 0 but blends with faint background noises near it. This causes the SExtractor to consider it a larger single object and measure its MAG AUTO with a very large aperture including the noises. This results in overestimate of NB973 total . Hence, we instead applied the aperture correction to its 2 ′′ aperture NB973 magnitude to estimate its NB973 total .
Figure 3. Upper panels: z ′ − NB973 color as a function of NB973 (2 ′′ aperture) magnitude of all the objects detected in our SDF and SXDS NB973 images (shown by dots). The horizontal lines show a part of our z = 7 LAE color selection criteria, z ′ − NB973 > 1.0. The vertical lines indicate the 4σ limiting magnitudes, NB973 = 26.20 and 25.83 in SDF and SXDS, respectively. The finally selected z = 7 LAE candidates are denoted by the red filled circles with the arrows showing the 1σ limits on z ′ − NB973 colors for those undetected in z ′ band. The four objects with a y − NB973 < 0 color and an extremely faint or zero Lyα flux in SDF finally removed from our z = 7 LAE sample are shown by the blue triangles (see Tables 2 and 3 and Section 3.8). The 1σ limits on z ′ − NB973 color for each NB973 magnitude are shown by the diagonal lines for SDF, SXDS-C and SXDS-S, respectively. Note that the z ′ band depths in SXDS-C and SXDS-S, which our NB973 SXDS image consists of, are different (see Table 1 ). Lower panels: z ′ − NB973 versus z ′ − y color-color plot of all the objects detected in our SDF and SXDS NB973 images (shown by dots). The upper right rectangles surrounded by the solid lines indicate parts of our LAE selection criteria (1), z ′ − y > 1.5 and z ′ − NB973 > 1.0. The selected z = 7 LAE candidates are denoted by the filled circles with the arrows showing the 1σ limits on their colors. The LAE candidates undetected in y band (fainter than 2σ) are placed at z ′ − y = 3 for presentation purpose. The four objects with a y − NB973 < 0 color and an extremely faint or zero Lyα flux in SDF finally removed from our z = 7 LAE sample are shown by the blue triangles. Using the same data, symbols and lines in Figure 2 , we also plot the colors of M/L/T dwarfs (types M3-M9.5, L0-L9.5 and T0-T8) (spectra from Burgasser et al. 2004 Burgasser et al. , 2006a Burgasser et al. ,b, 2008 Burgasser et al. , 2010 Kirkpatrick et al. 2010 ), z = 0-8 E (elliptical), Sbc, Scd and Im (irregular) galaxies (spectra of Coleman et al. 1980) as well as our model LAEs at z = 4.5-8 with a UV slope β = −3 and several different rest frame Lyα EWs (EW 0 ). On the model LAE color evolution tracks, we denote by asterisks redshifts from z = 6.7 to 7.1 by ∆z = 0.1 step. We label them for the case of EW 0 = 20Å LAE model. In both upper and lower left panels, one of the LAE candidates in SDF, NB973-SDF-85821, previously spectroscopically confirmed as a z = 6.96 LAE, IOK-1, by Iye et al. (2006) , Ota et al. (2008) and Ono et al. (2012) is encircled and so labeled. as total magnitudes for the unblended LAE candidates in the case of our NB973 images. On the other hand, in addition to the LAE candidate NB973-SDF-128564 mentioned above, the remaining 7 LAE candidates have bright close neighbors and/or slightly blend with another object (values 1 and/or 2 in SExtractor FLAGS parameter; see the footnote b in Table 2 ), which biases the MAG AUTO measurements. We estimated their total NB973 magnitudes by applying the aperture correction of −0.2 mag to their 2 ′′ aperture magnitudes. We obtained this correction factor by measuring the differences between total NB973 magnitudes (either MAG AUTO or multi-aperture photometry) and 2 ′′ aperture NB973 magnitudes of the 12 unblended LAE candidates and taking their median value. We did not use isolated stellar objects to estimate the aperture correction factor because shapes of the LAE candidates are not necessarily similar to those of stellar objects as their stellarities indicate in Table 2 .
Meanwhile, for y band total magnitude, we basically adopt MAG AUTO measured by the single image photometry on the y band images by SExtractor rather than the double-image mode with the NB973 and y band images. This is because the latter's MAG AUTO measurement does not always estimate total magnitudes accurately (i.e., does not agree with y band total magnitudes estimated by multi-aperture photometry) while the former does for unblended objects. 8 out of 20 LAE candidates are detected by the SExtractor single image photometry on the y band images. They do not blend with any other objects in the y band images (confirmed by both FLAGS = 0 in the y-band images and visual inspection) although some of them blend with other objects in the NB973 images. We also confirmed that the MAG AUTO's of these unblended LAE candidates agree well with their total y-band magnitudes estimated by the multi-aperture photometry method. On the other hand, there are two other LAE candidates, NB973-SDF-137578 and NB973-SXDS-C-66280, which are visually faintly seen in the yband images but undetected by the SExtractor y-band single image photometry. However, their 2 ′′ aperture y band magnitudes measured by the SExtractor double image photometry with the NB973 and the y-band images are > 2σ significance (2.3σ in NB973-SDF-137578 and 3.2σ in NB973-SXDS-C-66280). Hence, we applied the aperture correction of −0.1 mag to their 2 ′′ aperture y band magnitudes to estimate their total y band magnitudes. We obtained this correction factor by measuring the differences between total y-band magnitudes (either MAG AUTO or multi-aperture photometry) and 2 ′′ aperture y-band magnitudes of the 8 unblended LAE candidates detected by the y-band single image photometry and taking their median value.
Final Survey Area and Volume
In the process of our LAE candidate selection, we masked blooming, smearing and halos of large bright stars, large galaxies and bad pixels as well as removed noise sources at the low S/N edge regions of the NB973 images (see the grey shaded regions of Figures 21 and 22 for the cases of SDF and SXDS, respectively). As a result, total effective areas of the SDF and SXDS images used to select z = 7 LAE candidates are 824 and 851 arcmin 2 , respectively. The comoving distance along the line of sight corresponding to the redshift range 6.94 ≤ z ≤ 7.11 for LAEs covered by NB973 filter is 58 Mpc. Therefore, we have probed comoving volumes of ∼ 3.0 × 10 5 Mpc 3 and ∼ 3.1 × 10 5 Mpc 3 in SDF and SXDS, respectively, for our z ∼ 7 LAE selection.
Detection Completeness and LAE Number Counts
What fraction of real objects in an image we can reliably detect by photometry depends on the magnitudes and blending of objects. The fraction usually decreases as magnitude becomes fainter due to difficulty in detecting fainter objects. Also, the detectability of target ob- jects is affected by their blending with neighboring objects in projection. To examine what fraction of objects in the NB973 images of SDF and SXDS the SExtractor can detect or fails to detect to fainter magnitude, we measured the detection completeness of our photometry as it is used to correct the number of detected LAEs when we derive their number counts, Lyα LF, UV LF and Lyα EW distribution.
Using the IRAF task starlist and considering z = 7 LAEs to be point sources, we first created ∼ 10, 000 artificial point sources with the same PSFs as the real objects and with random but uniform spatial and magnitude distributions, avoiding coordinates in the masked and low S/N edge regions in the NB973 images and ranging from 20 to 27 mag. We spread them over the NB973 images by using the IRAF task mkobject allowing them to blend with themselves and real objects. Then the SExtractor was run for source detections in exactly the same way as our actual photometry.
We extracted the input artificial objects from all the detected objects by the cross-identification based on their positions in the NB973 images. The artificial objects whose differences between their original magnitudes (those generated by IRAF starlist) and measured magnitudes (SExtractor MAG AUTO's) are > 0.5 mag (|m AUTO − m org | > 0.5) tend to partly to completely blend with other objects or regions where sky backgrounds were locally oversubtracted, while those with the magnitude difference ≤ 0.5 mag (|m AUTO − m org | ≤ 0.5) are either isolated ( 96%) or slightly blend with other objects (only ∼ 2-4%), which can be detected and deblended by SExtractor. Hence, we define artificial objects with the magnitude difference of ≤ 0.5 mag as detected and derive the completeness per 0.5 mag bin.
Finally, we calculated the ratio of the number of the detected artificial objects (in every 0.5 mag bin in MAG AUTO) to that of the created ones (in every 0.5 mag bin in starlist magnitude) to obtain the detection completeness. We repeated this procedure ten times and averaged the obtained completeness for each of the SDF and SXDS NB973 images. The result is shown in Figure  6 , which allows us to infer the actual number of z = 7 LAEs from their detected number and measured total NB973 magnitudes. The completeness is ∼ 22% and ∼ 35% at our LAE detection limits of NB973 = NB973 4σ in SDF and SXDS, respectively.
To see how much effect the source blending has on the completeness, we also repeated the same completeness measurements but spreading artificial objects over the blank regions avoiding real objects in the NB973 images (we avoided the locations with distances shorter than 3/2 of FWHMs of real objects). The result is also shown in Figure 6 . At the magnitude range of NB973 = 24.0-26.5 that magnitudes of our z = 7 LAE candidates span, the completenesses with source blending are worse by ∼ 4%-12% than those without source blending. Hence, the effect of source blending is small and does not significantly affect the derivation of LAE number count and LFs.
In Figure 7 , we plot the number counts of the z = 7 LAE candidates in SDF and SXDS corrected and uncorrected for detection completeness (we use the completeness allowing source blending for the correction). The detection completeness with source blending is also used to correct the Lyα and UV LFs as well as Lyα EW distribution of z = 7 LAEs derived in Sections 4.1, 4.2 and 4.3.
Estimating Lyα and UV Continuum Luminosities,
Star Formation Rates and Survey Flux Limits As the NB973 and y-band cover z ∼ 7 Lyα emission and the UV continuum redwards of it, we can estimate Lyα and UV continuum luminosities of the z = 7 LAE candidates. Based on the NB973 and y-band total magnitudes of the z = 7 LAE candidates, we photometrically derived their Lyα and UV continuum luminosities using the same method as the one Kashikawa et al. (2011) used. The advantages of using their method for our study is as follows. Kashikawa et al. (2011) used NB921 (NB816) and z ′ -band magnitudes of the z ∼ 6.5 (z ∼ 5.7) LAEs in their sample to photometrically estimate their Lyα and UV continuum luminosities as these bands cover z ∼ 6.5 (z ∼ 5.7) Lyα emission and UV continuum redwards of it. Kashikawa et al. (2011) compared the Lyα line fluxes of 45 (54) spectroscopically identified z ∼ 6.5 (z ∼ 5.7) LAEs estimated photometrically from NB921 (NB816) and z ′ with those measured from their spectra, and confirmed that they are in fairly good agreement (see Figures 5 and 6 in their paper). Because they are the largest spectroscopic z ∼ 6.5 and z ∼ 5.7 LAE samples ever constructed including LAEs with bright to faint Lyα luminosities, the validity of the method was statistically proved highly reliable. Also, the NB921 band is located in the middle of z ′ -band wavelength range while our NB973 band is analogously located in the middle of y-band wavelength range as seen in Figure 1 . Hence, we can apply the same method to robustly and analogously estimate Lyα and rest frame UV continuum luminosities of z = 7 LAEs. Kashikawa et al. (2011) used the following formula to estimate the Lyα line flux (f line in erg s −1 cm −2 ) and the rest frame UV continuum flux density (f c in erg s −1 cm −2 Hz −1 in observer's frame) from narrowband (NB) and broadband (BB) magnitudes, m NB and m BB . m NB,BB + 48.6 = −2.5 log Here, ν Lyα is the observed frequency of Lyα, and T NB and T BB are the transmission bandpasses of the NB and BB filters as a function of observed frequency, respectively. We use the NB973 and y-band total magnitudes of each z = 7 LAE candidate for m NB and m BB . We adopt ν Lyα = 3.08 × 10 14 Hz, the central frequency of the NB973 band, assuming the LAEs are at z = 7.02. We use the NB973 and y-band response curves (see Figure 1) for T NB and T BB , respectively. As in Kashikawa et al. (2011) , we assume that SED of LAEs has a constant f c (i.e. flat continuum), δ-function Lyα emission profile (i.e. flux value of f line at ν Lyα and 0 otherwise) and zero flux at the wavelength bluewards of Lyα due to the IGM absorption. If f line ≤ 0, we set f line to 0. Also, if an LAE candidate is not detected in y-band, we use y-band 1σ limiting magnitudes 27.40 (SDF) and 27.05 (SXDS) for m BB . If f c ≤ 0 (UV continuum is not detected), we estimate upper limit on f c directly from the 1σ yband magnitudes. The estimated Lyα and rest frame UV continuum luminosities of the z = 7 LAE candidates (converted from f line and f c or f c limit) are listed in Table 3 . From these luminosities, we derive rest frame Lyα EWs, EW 0 , and rest frame UV continuum apparent and absolute magnitudes, m cont and M UV , and also list them in Table 3 .
We convert the Lyα line and UV continuum luminosities into star formation rates (SFRs), SFR(Lyα) and SFR(UV). For SFR(Lyα), we use the following relation derived from the Kennicutt equation (Kennicutt 1998) with the case B recombination theory (Brocklehurst 1971),
For SFR(UV), we use the following relation (Kennicutt 1998; Madau, Pozzetti & Dickinson 1998) ,
These SFRs of the z = 7 LAE candidates are also listed in Table 3 . Meanwhile, using the equation (2), we can translate our survey limiting magnitudes (NB973 = 26.2 and 25.8 at 4σ in SDF and SXDS, respectively) into Lyα line flux and luminosity limits, f (Lyα) lim and L(Lyα) lim . To do this, we have to fix the rest frame Lyα EW to EW 0,lim that serves as the threshold for detecting z = 7 LAEs because our LAE color criteria (1) can select objects down to EW 0 = 0 and because f (Lyα) lim and L(Lyα) lim depend on y-band magnitude (the brighter the y-band magnitude is, the fainter these limits are). By fixing the Lyα EW, the y-band magnitude and f c are also correspondingly fixed. We compare the previous Subaru SuprimeCam z = 5.7-7.3 LAE narrowband surveys in Table 4 . Especially, the EW thresholds of z = 5.7 and z = 6.6 LAE surveys in SDF and SXDS are EW 0,lim = 7, 10, 14 and 27Å (Taniguchi et al. 2005; Shimasaku et al. 2006; Ouchi et al. 2008 Ouchi et al. , 2010 . Hence, we adopt a comparable limit of EW 0,lim = 10Å above which an object selected by the color criteria (1) is considered a z = 7 LAE candidate.
Finally, fixing the NB973 magnitude to our survey limiting magnitude in SDF or SXDS and changing the yband magnitude as a free parameter in the equation (2), we find the y-band magnitudes and thus f line 's and f c 's that lead to EW 0 = 10Å. From these f line 's, we obtain f (Lyα) lim = 3.4 × 10 −18 and 4.7 × 10 −18 erg s
(4σ) and L(Lyα) lim = 2.0 × 10 42 and 2.7 × 10 42 erg s −1 (4σ) for SDF and SXDS, respectively. For consistency check, we also estimate f (Lyα) lim and L(Lyα) lim from our NB973 limiting magnitudes in SDF or SXDS and EW 0,lim = 10Å in the same method as the equations (5)- (8) in Ota et al. (2012) . In this method, we assume that an NB973 flux F NB comes from Lyα line and UV continuum fluxes, F Lyα and F cont .
A Lyα flux is related to a UV continuum flux density f λ,cont with an observed Lyα equivalent width EW obs .
As the fluxes bluewards of Lyα is mostly absorbed by neutral IGM, the f λ,cont is approximately the UV continuum flux divided by the wavelength from Lyα to the red edge of the NB973 bandpass (λ
where λ max NB = 9855Å, and we assume that Lyα is at z = 7.02 (center of the NB973 bandpass), i.e. λ obs Lyα = (1 + z)1216Å = 9755Å. Solving the equations (5)- (7) for F Lyα , we have Note. -a Lyα line flux, f line , calculated by the equation (2). b Rest frame Lyα equivalent width estimated from f line and rest frame UV continuum flux density fc (observer's frame) calculated by the equation (2). c Apparent UV continuum magnitude calculated from fc. d Absolute UV continuum magnitude calculated from mcont. e Rest frame UV continuum luminosity per unit frequency calculated from fc. f This object is a z = 6.96 LAE, IOK-1, previously spectroscopically confirmed by Iye et al. (2006) , Ota et al. (2008) and Ono et al. (2012) . All the physical quantities listed here (except for Lν (UV) and SFR(UV)) of this LAE were taken from Ono et al. (2012) who measured them based on their spectroscopy of this LAE by Keck Telescope DEIMOS. We converted mcont to Lν (UV) and SFR(UV). These physical quantities of IOK-1 are also consistent with those in Jiang et al. (2013) who especially measured the rest frame UV continuum magnitude using their deep Hubble Space Telescope Wide Field Camera 3 image of IOK-1. g These 11 objects exhibit fc < 0 and y > y2σ (6 of them show y > y1σ). Only one (NB973-SDF-111394) is very faintly visually seen in the y band image. Thus we consider them undetected in rest frame UV continuum whether they are visually seen or not in y band. In the case of being visually seen in y band, we consider all the y band flux comes from Lyα emission alone. Hence, we use the 1σ magnitudes (y = y1σ) of the SDF and SXDS y band images to estimate the conservative upper limits on their rest frame UV continuum flux densities fc and then their limits on EW0, mcont, MUV, Lν (UV) and SFR(UV). h These four objects have colors of y − NB973 < 0 and turn out to exhibit extremely faint or zero Lyα fluxes (f (Lyα) 1.7 × 10 −18 erg s −1 cm −2 and EW0 0.17Å) as a result of calculating f line and fc by the equation (2). Hence, we consider them z ∼ 7 LBGs with a bright UV continuum and extremely faint or no Lyα emission and remove them from our z = 7 LAE sample. i This object has f line < 0, and thus we consider it undetected in Lyα (f line set to 0). Figure 8 . Multi-waveband images of the four objects in SDF with a y − NB973 < 0 color and an extremely faint or zero Lyα flux finally removed from our z = 7 LAE sample (see Tables 2 and  3 and Section 3.8). They can be z ≃ 7 LBGs. The size of each image is 10 ′′ × 10 ′′ . North is up and east to the left.
Substituting EW obs = (1 + z)EW 0,lim = (1 + z)10Å= 80.2Å and F NB = 7.6 × 10 −18 and 1.1 × 10 −17 erg s −1 cm −2 (total NB973 fluxes corresponding to the limiting magnitudes NB973 = 26.2 and 25.8 at 4σ in SDF and SXDS) into this equation (8), we estimate our limiting Lyα fluxes to be f (Lyα) lim = F Lyα = 3.4 × 10 −18 and 4.7 × 10 −18 erg s −1 cm −2 . These values are consistent with (exactly same as) the f (Lyα) lim 's estimated above using the equation (2).
We compare our survey limits with those of the previous deep Subaru Suprime-Cam z = 5.7, 6.6 and 7.3 LAE narrowband surveys (Taniguchi et al. 2005; Kashikawa et al. 2006 Kashikawa et al. , 2011 Ouchi et al. 2008 Ouchi et al. , 2010 Konno et al. 2014) in Table 4 . Our survey limits are comparable to those of the previous Subaru surveys and allow a fair comparison of the z = 7 Lyα LF we derive with those at z = 5.7, 6.6 and 7.3 from bright to faint end.
Final LAE Sample after Removing Objects with an
Extremely Faint or Zero Lyα Flux In Table 3 , we list Lyα and rest frame UV continuum properties of the 18 and 6 z = 7 LAE candidates in SDF and SXDS we selected by using the color criteria (1). These properties were derived from their total NB973 and y-band magnitudes by using the equation (2). We found that 4 out of the 18 z = 7 LAE candidates in SDF have extremely faint or zero Lyα fluxes, f (Lyα) = 0-1.7 × 10 −18 erg s −1 cm −2 , while no such object is found in SXDS. These objects have rest frame Lyα EWs of EW 0 = 0-1.3Å, which are much lower than our EW threshold of EW 0,lim = 10Å. On the other hand, they all have colors of y − NB973 < 0 (see Table 2 ) and very bright rest frame UV continua (see Table 3 ).
In Section 3.2, we carefully examined possible y − NB973, z ′ − NB973 and z ′ − y colors of LAEs, LBGs and potential contaminants (low-z galaxies and M/L/T dwarfs) in Figure 2 . We did not impose any y − NB973 color criterion when selecting z = 7 LAE candidates by using the color criteria (1) because Figure 2 left panel shows that a z ∼ 7 LAE may possibly exhibit either y − NB973 > 0 or y − NB973 < 0 color. However, the equation (2) and Tables 2 and 3 suggest that objects with an extremely faint or zero Lyα flux and a very bright UV continuum would have y − NB973 < 0 colors. Also, Figure 2 suggests that the color criteria (1) could also select LBGs with no or very faint Lyα emission and T type dwarfs as contaminants. Moreover, Figure 2 also indicates that T-type dwarf stars have colors of y − NB973 < 0. However, stellarities of the four objects in question are not so high as seen in Table 2 . Hence, we consider them z ≃ 7 LBG candidates with a bright UV continuum and an extremely faint or no Lyα emission and remove them from our z = 7 LAE sample (they are not noises as they are detected in z ′ , NB973 and y bands; see Table 2 and Figure 8 ). Imposing this additional criterion y −NB973 > 0 reduces the contamination by LBGs and completely removes the T-type dwarfs from our z = 7 LAE sample. Eventually, we are left with 14 and 6 z = 7 LAE candidates in SDF and SXDS, which we consider our final sample (see Figures 4 and 5 for their images). With Lyα luminosities of the z = 7 LAE candidates estimated in Section 3.7, we derive their Lyα LFs in SDF and SXDS to our survey limits and show them in Figure 9 . We estimate the number density of LAEs with the so-called "classical method" by simply dividing the observed differential or cumulative number of LAEs in each Lyα luminosity bin by the SDF and SXDS effective survey volumes calculated in Section 3.5 by multiplying the FWHM of the NB973 filter by the survey areas. We have also assumed that each LAE has Lyα emission located at the center of the NB973 filter bandpass and a flat UV continuum when calculating its Lyα luminosity using the equation (2) in Section 3.7. The classical method has been widely used to derive observed Lyα LFs by many previous studies including Ouchi et al. (2008 Ouchi et al. ( , 2010 , Kashikawa et al. (2006 Kashikawa et al. ( , 2011 and Konno et al. (2014) that derived the Lyα LFs of z = 5.7, 6.6 and 7.3 LAEs detected by the Suprime-Cam narrowbands NB816, NB921 and NB101, respectively. As we compare our z = 7 Lyα LF to their z = 5.7, 6.6 and 7.3 ones below, we also use the classical method to derive the z = 7 Lyα LF for consistency and fair comparison.
As pointed out by the previous LAE studies ( Shimasaku et al. 2006; Ouchi et al. 2008 Ouchi et al. , 2010 Konno et al. 2014) , the classical method has two possible uncertainties in deriving a Lyα LF. (1) Lyα luminosities of LAEs having the same narrowband magnitude vary with redshift within a narrowband bandpass. Hence, Lyα luminosities of some LAEs could be over/underestimated. (2) Redshift distribution of LAEs within a narrowband bandpass depends on the Lyα EW distribution of LAEs. Shimasaku et al. (2006) and Ouchi et al. (2008) , who detected and studied z = 3.1 and 3.7 LAEs and/or z = 5.7 LAEs with Suprime-Cam narrowband filters, investigated these uncertainties with Monte Carlo simulations. They created mock catalogs of LAEs using a set of the Schechter function parameters (φ * , L * , α) and the dispersion of Lyα EW distribution that they assumed is Gaussian. Then, they uniformly distributed these LAEs in comoving volumes over the redshift ranges corresponding to their narrowband filter bandpasses. They "observed" these LAEs in their narrowbands and broadbands to be the same as real band response. Then, they selected LAEs by the same criteria as the ones used to select real LAEs and derived their number densities and color distributions. They compared these results with the observed number densities and color distributions. Conducting this simulation over a wide range of the pa- Note. -a Redshift of Lyα corresponding to the central wavelength of the narrowband filter used by each survey. b Rest frame Lyα equivalent width threshold adopted by each survey. Konno et al. (2014) . g Our z = 7 LAE color criteria (1) can select objects down to EW0 = 0. However, we adopt EW 0,lim = 10Å as the definition of LAEs. Using this EW, our limiting NB973 magnitudes and the equation (2), we estimate our f (Lyα) lim and L(Lyα) lim (see Section 3.7 for the details). h These surveys' LAE color criteria select objects down to EW0 = 0. We have taken the Lyα fluxes and luminosities of spectroscopically observed objects as f (Lyα) lim and L(Lyα) lim for S12 z = 7.27 LAE survey. For the z = 7.3 LAE survey, K14 used their z ′ band and narrowband limiting magnitudes to estimate their f (Lyα) lim and L(Lyα) lim . i These are the spectroscopically measured Lyα fluxes and luminosities of the faintest LAE in each survey. rameters, they derived the best-fit Schechter parameters with χ 2 minimization, which are the Lyα LFs with no bias caused by the uncertainties (1) and (2). They compared these LFs with the Lyα LFs derived by the classical method and found that they are consistent (see Figure  11 of Shimasaku et al. (2006) and Figures 16-18 of Ouchi et al. (2008) ). They concluded that the uncertainties (1) and (2) are negligible and/or cancel out each other and that the classical method is a good estimate of a Lyα LF. Because of this reason, Ouchi et al. (2010) and Konno et al. (2014) also used the classical method to derive their z = 6.6 and z = 7.3 Lyα LFs, and so do we.
For the error of the number density in each bin of the z = 7 Lyα LFs we derived in Figure 9 , we include Poisson errors for small number statistics and cosmic variance estimated in the same way as in Ota et al. (2008 Ota et al. ( , 2010 . Namely, we use column 2 in Tables 1 and 2 in Gehrels (1986) for the Poisson errors. For the cosmic variance σ v estimate, Ota et al. (2008 Ota et al. ( , 2010 used the relation, σ v = bσ DM , adopting a bias parameter of b = 3.4 ± 1.8 derived from the sample of 515 z ∼ 5.7 LAEs detected by Ouchi et al. (2005) in the entire SXDS field and the dark matter variance σ DM = 0.044 at z = 7 obtained using the analytic cold dark matter model (Sheth & Tormen 1999; Mo & White 2002) and their survey volumes in SDF and SXDS. In this study, we use a bias parameter of b = 3.6 ± 0.7 derived more recently from the sample of 207 z ∼ 6.6 LAEs detected by Ouchi et al. (2010) in the entire SXDS field. As our SDF and SXDS survey volumes are almost the same as those of Ota et al. (2008 Ota et al. ( , 2010 , we adopt the same σ DM value as they used. This gives the cosmic variance of σ v ∼ 0.16 for each of SDF and SXDS. Also, we correct the number density and the error for the detection completeness estimated in Section 3.6 and shown in Figure 6 by number weighting according to the NB973 magnitude.
In the similar way, we also derive the z = 7 Lyα LF from the total sample combining the z = 7 LAE candidates in SDF and SXDS and show it in Figure 9 . The cosmic variance included in the error of this total Lyα LF is estimated to be σ tot ∼ 0.11 by combining the cosmic variances of SDF and SXDS as a volume weighted average as follows (Moster et al. 2011) .
where α 1 and α 2 are the angular dimensions of each survey field. The left panel in Figure 9 shows the differential Lyα LF of the z = 7 LAE candidates and our survey limits in SDF and SXDS, log L(Lyα) lim (erg s −1 ) = 42.30 and 42.43, respectively. We notice that we do not detect any z = 7 LAE candidates at the Lyα luminosity ranges of log L(Lyα) (erg s −1 ) = 42.3-42.6 in SDF and 42.43-42.8 in SXDS although these luminosity ranges are close to but still within our survey limits. There are two possibilities. We underestimate our limiting Lyα luminosities when converted from the NB973 limiting magnitudes, and actual sensitivities are somewhat shallower than our estimates, even though the survey limits estimated by our two independent methods agreed (see Section 3.7). Another possibility is that we do not actually detect any LAEs at these luminosity ranges even though we have really reached the very deep limits. For example, Matthee et al. (2015) modeled evolution of a Lyα LF with neutral IGM and suggested that the faint end of the Lyα LF could be suppressed as Lyα emissions of fainter LAEs are more preferentially suppressed by neutral IGM. We cannot distinguish between these two possibilities from the current data alone. Hence, we derive two different cumulative Lyα LFs of the z = 7 LAE candidates: (1) the LF excluding the faintest Lyα luminosity bins within our survey limits where no LAE candidate is detected and (2) the LF including these faintest bins. They are presented in the middle and the right panels of Figure 9 , respectively.
To investigate the derived z = 7 Lyα LFs in more details, we fit the Schechter function (Schechter 1976 )
to each of the three different total z = 7 Lyα LFs in the three panels of Figure 9 by treating the characteristic luminosity L * and the normalization φ * as free parameters, fixing the faint end slope to α = −1.5 (to facilitate the comparison to previous studies) and minimizing χ 2 . In Figure 9 and Table 5, In Figure 10 , we plot the total differential z = 7 Lyα LF and the best-fit Schechter function with α = −1.5 and compare them with the differential Lyα LFs at z = 5.7, 6.6 and 7.3 and their best-fit Schechter functions with α = −1.5 derived by the previous Subaru LAE surveys (Ouchi et al. 2008 Konno et al. 2014 ). The z = 7 Lyα LF entirely shows a significant deficit from the z = 5.7 LF from the bright to faint end beyond the errors including Poisson errors and cosmic variance. The z = 7 Lyα LF also exhibits a significant deficit from the z = 6.6 LF at the fainter end beyond the errors, but these LFs are consistent at the bright end. Moreover, the z = 7.3 LF entirely displays a considerable deficit from the z = 7 LF beyond the errors, which appears to be more significant than the deficits between z = 5.7 and 6.6 and between z = 6.6 and 7. This might support the accelerated evolution of the Lyα LF suggested by Konno et al. (2014) .
To examine degree of the difference or the evolution of the Lyα LF among z = 6.6, 7 and 7.3 more quantitatively, we derive the error contours of the L * and φ * of the Schechter function fitted to the z = 7 differential Lyα LF and compare them to those of z = 6.6 and 7.3 Lyα LFs derived by Ouchi et al. (2010) and Konno et al. (2014) in Figure 11 . The z = 7 Lyα LF is different from the z = 7.3 one at 90% confidence level while the z = 7 LF is different from the z = 6.6 one less significantly but at 68% confidence level. This suggests that the Lyα LF evolves modestly from z = 6.6 to 7 and more rapidly from z = 7 to 7.3 as implied from Figure  10 . There are three possible explanations for the apparent non-evolution of the Lyα LF between z = 6.6 and z = 7 at the bright end.
(1) Field-to-field variance: As our z = 7 LAE sample consists of the LAEs from the sky area (two Suprime-Cam pointings) smaller than those of the z = 6.6 LAE sample (6 Suprime-Cam pointings), the bright end of the z = 7 Lyα LF might suffer some degree of field-to-field variance in the detected number of LAEs. Note. -All the best-fit parameters (L * Lyα and φ * ) were obtained by each author or us by fixing the faint end slope to α = −1.5. a The Schechter function was fitted to the total differential Lyα LF of z = 7 LAEs. This is the LF shown by the red line in the left panel of Figure 9 . b The Schechter function was fitted to the total cumulative Lyα LF of z = 7 LAEs that excludes the faintest SDF and SXDS bins in which no LAE is detected. This is the LF shown by the red line in the middle panel of Figure 9 . c The Schechter function was fitted to the total cumulative Lyα LF of z = 7 LAEs that includes the faintest SDF and SXDS bins in which no LAE is detected. This is the LF shown by the red line in the right panel of Figure 9 . d Number and Lyα luminosity densities of LAEs obtained by integrating each best-fit Schechter function down to the observed Lyα luminosity limit log L(Lyα) (erg s −1 ) = 42.4. e Total Lyα luminosity densities of LAEs obtained by integrating each best-fit Schechter function down to L(Lyα) = 0. f These densities were calculated by the authors of the corresponding references in column 2. All the other densities listed in this table are calculated by us. Figure 11 . Error contours of the φ * and L * parameters of the Schechter functions fitted to the Lyα LFs at z = 6.6, 7 and 7.3 shown in Figure 10 . The plus symbols, inner and outer curves are the best-fit φ * and L * values, the 68% and 90% confidence level contours. The z = 6.6 and z = 7.3 data are taken from and Konno et al. (2014) .
(2) Completeness: Our estimate of the NB973 detection completeness considers an object detected by SExtractor with change in magnitude more than 0.5 mag due to noise and/or object blending to be a non-detection while Ouchi et al. (2010) 's estimate of the NB921 (z = 6.6 LAE) detection completeness does not. Hence, our completeness estimate for z = 7 LAE detections is stricter than that for z = 6.6 LAE detections, resulting in the relatively larger correction of the detected number of z = 7 LAEs than that of z = 6.6 LAEs. The z = 5.7 and 6.6 Lyα LFs compared in Figure  10 are mostly based on the photometric LAE samples with some fraction confirmed by spectroscopy despite their large sample sizes drawn from the large sky area of the entire SXDS plus SDF by Ouchi et al. (2008 Ouchi et al. ( , 2010 . While these LFs have large advantage in terms of very robust statistics, they might include some degree of contamination. Meanwhile, although limited to a smaller sky area of only SDF, Kashikawa et al. (2011) carried out extensive spectroscopy campaigns of photometric z = 5.7 and 6.6 LAE candidates and identified 54 (45) real z = 5.7 (6.6) LAEs, which are 70% (81%) of their photometric samples. Then, they derived z = 5.7 and 6.6 Lyα LFs based on their samples consisting of the large fractions of spectroscopically confirmed LAEs and small fractions of remaining photometric candidates. While these LFs have disadvantage in statistics compared to the LFs from Ouchi et al. (2008 Ouchi et al. ( , 2010 , they suffer significantly less amount of contaminations because of the very large fractions of spectroscopically confirmed LAEs. Hence, we also compare our z = 7 Lyα LF to the z = 5.7 and 6.6 Lyα LFs (their best-fit Schechter functions) derived by Kashikawa et al. (2011) in Figure  12 . As Kashikawa et al. (2011) derived their LFs cumulatively, in Figure 12 we plot our two types of cumulative z = 7 Lyα LFs excluding or including the faintest bins where no LAE is detected and their best-fit Schechter functions taken from the middle and the right panels of Figure 9 . If we exclude the faintest bins from the z = 7 Lyα LF, it looks entirely very similar to the z = 6.6 Lyα LF while it shows a significant deficit from the z = 5.7 Lyα LF at the bright end. On the other hand, if we include the faintest bins in the z = 7 Lyα LF, it exhibits Figure 12 . Comparison of the cumulative Lyα LFs of LAEs at z = 5.7, 6.6 and 7. The blue and green solid curves are the Schechter functions best-fitted to the z = 5.7 and 6.6 Lyα LFs derived by Kashikawa et al. (2011) , respectively. The filled circles and the red solid curve are the z = 7 Lyα LF excluding the faintest bins where no LAE is detected and its best-fit Schechter function taken from the middle panel of Figure 9 . The open circles and the red dashed curve are the z = 7 Lyα LF including the faintest bins where no LAE is detected and its best-fit Schechter function taken from the right panel of Figure 9 . The errors include Poisson errors and cosmic variance. The pink shaded region shows the difference between the two z = 7 Lyα LFs at their faint ends which can be considered the possible range of the z = 7 Lyα LF at faint end. a deficit from the z = 6.6 Lyα LF at the faint end and entirely from the z = 5.7 Lyα LF.
To look into this in more quantitatively, we derive the error contours of the L * and φ * of the Schechter functions fitted to the two z = 7 cumulative Lyα LFs and compare them to those of z = 5.7 and 6.6 Lyα LFs derived by Kashikawa et al. (2011) in Figure 13 . In the case of the z = 7 Lyα LF excluding the faintest bins where no LAE is detected, the z = 7 error contours at 1σ and 3σ confidence levels completely overlap with the z = 6.6 ones while the z = 7 error contour at 3σ confidence level barely overlaps with that of the z = 5.7 Lyα LF. Meanwhile, in the case of the z = 7 Lyα LF including the faintest bins, the z = 7 error contour at 3σ confidence level overlaps with that of the z = 6.6 Lyα LF but the 1σ confidence level contours of these LFs do not overlap. Hence, these two LFs are different at 1-2σ level. Moreover, the z = 7 error contour at 3σ confidence level does not overlap with that of the z = 5.7 Lyα LF. Therefore, the Lyα LF evolves from z = 5.7 to 7 at almost 3σ levels while it might evolve from z = 6.6 to 7 at 1-2σ level or might not. As whether the non-detections of LAEs in the faintest bins of the z = 7 Lyα LF are due to the suppression of Lyα of faint LAEs by neutral IGM or the possible lack of the observation sensitivities are not clear, we cannot definitively conclude whether Lyα LF really evolves from z = 6.6 to 7 at this moment. However, it should be noted that our z = 7 Lyα LF is mostly based on the photometric LAE candidates (except for one z = 6.96 LAE IOK-1), might include some contaminations and thus should be considered the upper limit. If we conduct spectroscopy of the photometric LAE candidates and clean the contaminations, we might confirm that the Lyα LF evolves from z = 6.6 to 7.
Examining Rates of Number and Luminosity
Evolution of the Lyα LF among z = 5.7, 6.6, 7.0 and 7.3
Finally, the (possible) evolution of Lyα LF among z = 5.7, 6.6, 7 and 7.3 seen in Figures 10 and 12 could reflect either the luminosity evolution, the number evolution or the combination of the both of the LAEs among these epochs. We can examine this quantitatively by using the best-fit Schechter function L * and φ * of the z = 5.7, 6.6, 7 and 7.3 Lyα LFs derived by us and taken from the literature (Ouchi et al. 2008 Kashikawa et al. 2011; Konno et al. 2014 ) listed in Table 5 . Ouchi et al. (2010) and Kashikawa et al. (2011) fixed either L * or φ * of the Schechter function to the best-fit L * or φ * values of their z = 5.7 Lyα LFs and fitted the Schechter functions to their z = 6.6 Lyα LFs by χ 2 minimization. In this way, they examined which of the pure luminosity (L * ) and pure number (φ * ) evolutions are more dominant by comparing their χ 2 values and how much the L * or the φ * changes from z = 5.7 to 6.6. Ouchi et al. (2010) found that for a fixed slope α = −1.5, L * z=6.6 = 0.7L * z=5.7 for the pure luminosity evolution and φ * z=6.6 = 0.5φ * z=5.7 for the pure number evolution with the χ 2 value of the pure luminosity evolution smaller than that of the pure number evolution. Also, Kashikawa et al. (2011) confirmed that for a fixed slope α = −1.5, L * z=6.6 = 0.76L * z=5.7 for the pure luminosity evolution and φ * z=6.6 = 0.66φ * z=5.7
for the pure number evolution. This means that the decrease in luminosity by 24-30% is more favorable than that in number density by 34-50% for the decline of the Lyα LF from z = 5.7 to 6.6.
To further examine what the evolution of the Lyα LF looks like from z = 6.6 to 7 and from z = 7 to 7.3, we perform the similar fitting procedures to our z = 7 Lyα LFs and the z = 7.3 Lyα LF from Konno et al. (2014) . More specifically, we fit the α = −1.5 Schechter function with the fixed L * = L * z=6.6 or φ * = φ * z=6.6 of the differential (cumulative) z = 6.6 Lyα LF from Ouchi et al. (2010) (Kashikawa et al. (2011) ) to our differential (two types of cumulative) z = 7 Lyα LF (LFs). Here, the two types of cumulative z = 7 Lyα LFs are the ones that exclude or include the faintest bins where no LAE is detected and are plotted in the middle and the right panels of Figure 9 . Also, we fit the α = −1.5 Schechter function with the fixed L * = L * z=7 or φ * = φ * z=7 of our differential z = 7 Lyα LF to the differential z = 7.3 Lyα LF from Konno et al. (2014) . These z = 6.6-7 and z = 7-7.3 fitting results are summarized in Table 6 together with those for z = 5.7-6.6 obtained by and Kashikawa et al. (2011) . We also perform the similar fittings for the z = 5.7-7 case by using the L * z=5.7 or φ * z=5.7 of the z = 5.7 Lyα LFs from Ouchi et al. (2010) and Kashikawa et al. (2011) and our z = 7 Lyα LFs and list the results in Table 6 .
In the case of z = 6.6-7, whether the case of the differential Lyα LF or the cumulative Lyα LFs, the reduced χ 2 value of the pure luminosity evolution is larger than that of the pure number evolution, suggesting that the number evolution is more dominant. In the case of z = 7-7.3, the reduced χ 2 value of the pure luminosity evolution is smaller than that of the pure number evolution, suggesting that the luminosity evolution is more dominant. The evolution trend at z = 6.6-7 is opposite to the case of Figure 13 . Error contours of φ * and L * parameters of the Schechter functions fitted to the z = 5.7 and 6.6 cumulative Lyα LFs derived by Kashikawa et al. (2011) and the z = 7 cumulative Lyα LFs that exclude (left panel) or include (right panel) the faintest bins where no LAE is detected (the two z = 7 cumulative Lyα LFs shown in the middle and right panels of Figure 9 ). The plus symbols, inner and outer curves are the best-fit φ * and L * values, the 1σ and 3σ confidence level contours. a Cosmic time interval in Myr corresponding to the redshift range z1 − z2 in column 1. b The ratio of the best-fit L * or φ * values at the redshifts z2 and z1. c The rate of the decrease in L * or φ * from z1 to z2 in the unit of Gyr −1 defined as ∆L
)/∆t and ∆φ
)/∆t where ∆t from column 2 is in the unit of Gyr instead of Myr. f The z = 7 differential Lyα LF from the left panel in Figure 9 . g The z = 7 cumulative Lyα LF excluding the faintest bins where no LAE is detected from the middle panel in Figure 9 . h The z = 7 cumulative Lyα LF including the faintest bins where no LAE is detected from the right panel in Figure 9 .
the pure luminosity evolution favored at z = 5.7-6.6 and z = 7-7.3. In the case of pure number evolution, the decrease in φ * from z = 6.6 to 7 is smaller (larger) than that from z = 5.7 to 6.6 if we exclude (include) the faintest bins from (in) our z = 7 Lyα LF. In the case of pure luminosity evolution, the decrease in L * from z = 6.6 to 7 is smaller than those from z = 5.7 to 6.6 and z = 7 to 7.3 in any z = 7 Lyα LF cases. However, it should be noted that the cosmic time interval is quite different at z = 5.7-6.6 (160 Myr), z = 6.6-7 (60 Myr) and z = 7-7.3 (40 Myr). In Table 6 , we also list the rates of the decrease in L * and φ * in these cosmic time intervals (in units of Gyr −1 ). We define them as ∆L
and ∆φ * /∆t = (1 − φ * z2 /φ * z1 )/∆t where ∆t in Gyr is a cosmic interval between redshifts z 1 and z 2 . In the case of the differential Lyα LF, both ∆L * /∆t and ∆φ * /∆t increase as redshift gets higher; a factor of 1.4 (1.8) increase in ∆L * /∆t (∆φ * /∆t) from z 1 -z 2 = 5.7-6.6 to 6.6-7 and a factor of 4.7 (3.3) increase in ∆L * /∆t (∆φ * /∆t) from z 1 -z 2 = 6.6-7 to 7-7.3. Both ∆L * /∆t and ∆φ * /∆t increase with redshift also in the case of the cumulative z = 7 LF including the faintest bins where no LAE is detected. However, both ∆L * /∆t and ∆φ * /∆t decrease with redshift in the case of the cumulative z = 7 LF excluding the faintest bins where no LAE is detected. If the large deficit of LAEs at z = 7.3 suggested by the z = 7.3 Lyα LF derived by Konno et al. (2014) is real, it seems to be more natural to think that the deficit (non-detections) of z = 7 LAEs we found at the faintest bins of our z = 7 Lyα LF is not due to the possible lack of sensitivity but because of the luminosity or number evolution of faint LAEs.
Eventually, our results suggest that the evolution of the Lyα LF at the epochs between z = 5.7 and 7.3 is not always solely due to the change in luminosity of LAEs. The number density could also play a role especially at z = 6.6-7. Moreover, there is a possibility that the luminosity and the number density of LAEs could evolve acceleratingly between z = 5.7 and 7.3 including the short intervals z = 6.6-7 and z = 7-7.3, although we cannot completely rule out the possibility that the evolution might not be accelerating at z = 6.6-7.
Rest Frame UV Continuum Luminosity Function
The significant and definitive decline of the Lyα LF from z = 5.7 to 7 and possible decline from z = 6.6 to 7 at its faint end might be due to the attenuation of Lyα emission of LAEs by higher fraction of neutral IGM at higher redshifts during the epoch of reionization. However, these declines can be also ascribed to the change in the detectability of LAEs due to galaxy evolution (their number and/or luminosity evolution). Hence, the decline of the Lyα LF can be caused by either IGM attenuation of Lyα alone, galaxy evolution alone or combination of the both. We can disentangle these if we can extract the galaxy evolution fraction alone contributing to the decline of the Lyα LF.
The rest frame UV continuum LF (UV LF) of LAEs can be used as a probe of evolution of LAEs because of the following reason. If there is no galaxy evolution (in both number and luminosity) between two epochs z < 6 and z > 6, the Lyα LF would shift to the fainter Lyα luminosity side from z < 6 to z > 6 if Lyα emissions of LAEs are attenuated by neutral IGM at z > 6. UV-bright LAEs emitting stronger ionizing radiation can effectively ionize their surroundings, and thus their Lyα emissions are less attenuated by neutral IGM. Conversely, UV-faint LAEs emitting weaker ionizing radiation cannot effectively ionize their surroundings, and thus their Lyα emissions are more attenuated by neutral IGM. Therefore, only LAEs faint in both Lyα and the UV continuum around the faint end of the Lyα LF get fainter than a survey's Lyα luminosity limit at z > 6 and would not be detected by a narrowband observation. Accordingly, the detection number of such LAEs is expected to decrease. Meanwhile, even in such a situation, the UV LF of LAEs will not shift to the fainter luminosity side as the rest frame UV continua of LAEs are not attenuated by neutral IGM at z > 6. However, the number density of LAEs is expected to decrease only at the faint end of the UV LF due to the decrease in the detection number of LAEs faint in both Lyα and the UV continuum in the narrowband observation mentioned above. Hence, unless there is galaxy evolution, the bright side of the UV LF stays unchanged and only its faint end would change. This characteristic of the UV LF can be used to see if LAEs evolve between z < 6 and z > 6. Usually, we cannot accurately determine the faint end of the UV LF of LAEs to a sufficiently faint UV luminosity limit with high completeness due to the faintness of the UV continua of UV-faint LAEs and the difficulty in obtaining extremely deep imaging covering their UV-continua (especially for Figure 14 . The rest frame UV continuum LF of the z = 7 LAE candidates in SDF we derived compared with those at z = 5.7 and 6.6 in SDF taken from Kashikawa et al. (2011) . The errors include Poisson error and cosmic variance. Kashikawa et al. (2011) data originally included only Poisson error. Hence, we estimated cosmic variances of the z = 5.7 and z = 6.6 LAEs in SDF in the similar way as we did for our z = 7 LAE candidates (see Section 4.1.1) and include them in the error of the Kashikawa et al. (2011) data. The vertical lines indicate the 3σ, 2σ and 1σ limiting magnitudes in SDF in the y (z ′ ) band at z = 7.02 (6.5) corresponding to M UV = −20.74 (−20.24), −20.30 (−19.80), and −19.55 (−19.05), respectively, given EW 0 = 0. The M UV 's at z = 5.7 corresponding to the same SDF z ′ band limiting magnitudes are fainter than those at z = 6.5. The LAE number densities at the magnitudes fainter than 3σ suffers detection incompleteness and thus would probably be lower than actual number densities. This implies that at the M UV = −20.5 bin the LAE number density at z = 7 could be higher and comparable to that at z = 5.7 as it is already comparable to that at z = 6.6 within the errors. z = 5.7-7 LAEs). Thus, we inevitably compare only the bright sides of the UV LFs of LAEs at z < 6 and z > 6.
Previously, Kashikawa et al. (2011) estimated the UV continuum fluxes f c and then luminosities M UV of the z = 5.7 and 6.6 LAEs in SDF using their narrowband (NB816 and NB921 bands) and broadband (z ′ band) magnitudes and the equation (2) and derived the UV LFs of the z = 5.7 and 6.6 LAEs. They found that the LAE UV LF does not evolve much between z = 5.7 and 6.6, suggesting no significant evolution of LAEs during this cosmic time interval.
As we have also already estimated M UV 's of our z = 7 LAE candidates in Section 3.7 and Table 3 using their NB973 and y band total magnitudes and the equation (2) in the same way as Kashikawa et al. (2011) , we also derive the UV LF of the z = 7 LAE candidates and compare it to those at z = 5.7 and 6.6 derived by Kashikawa et al. (2011) . To this end, we use only the z = 7 LAE candidates in SDF, not including those in SXDS, as the y band image of the SXDS is much shallower than that of the SDF. We count the number of the z = 7 LAE candidates detected in the UV continuum (i.e., those with f c > 0) in each M UV bin, estimate its error including Poisson error and cosmic variance and correct the number and error for the detection completeness estimated in Section 3.6 and shown in Figure 6 by number weighting according to the NB973 magnitude. Then, we divide the corrected numbers and errors by the SDF survey volume to convert them into the number densities. Note that this procedure is the same as the one used by Kashikawa et al. (2011) who corrected the numbers of their z = 5.7 and 6.6 LAEs using their detection completeness in the narrowbands NB816 and NB921. It is more ideal to use the detection completeness in the broadband covering the rest frame UV continuum of LAEs redward of Lyα (in the case of our z = 7 LAEs, it is y band). However, as we and Kashikawa et al. (2011) used the narrowbands as the LAE detection images, it is impossible to use the detection completenesses in the broadbands. Thus, we and Kashikawa et al. (2011) instead use the detection completenesses in the narrowbands as good approximation because they can detect not only Lyα emission but also UV continua of LAEs at the same time.
In Figure 14 , we compare our z = 7 LAE cumulative UV LF to those at z = 5.7 and 6.6 derived by Kashikawa et al. (2011) . As the errors in the Kashikawa et al. (2011) data originally do not include cosmic variances at z = 5.7 and 6.6, we estimate them in the same way as in Ota et al. (2008 Ota et al. ( , 2010 and add them to the errors in quadrature for fair comparison. In Figure 14 , we also show the M UV 's corresponding to the 1σ, 2σ and 3σ limiting magnitudes of the SDF z ′ and y band images which were used to derive M UV 's of the Kashikawa et al. (2011) 's z = 5.7 and 6.6 LAEs and our z = 7 LAEs, respectively. As completeness is very low at magnitudes fainter than 3σ, the z = 5.7 and 6.6 UV LF at M UV fainter than the 3σ z ′ band magnitude and the z = 7 UV LF at M UV fainter than the 3σ y band magnitude are highly uncertain and less reliable. We show the UV LFs at M UV fainter than 3σ just for reference.
Looking at the two most reliable brightest M UV bins, we see that the UV LFs at the three epochs are consistent with each other within their errors. However, there is a sign of slight deficit in the z = 7 UV LF compared to the z = 5.7 and 6.6 ones. This implies possible galaxy evolution going on between z = 6.6 and z = 7. One possible origin of the galaxy evolution is the change in UV continuum luminosity due to dust extinction. Ono et al. (2010) performed the SED-fitting of the stacking of the 401 z = 5.7 and 207 z = 6.6 LAEs detected by Ouchi et al. (2008 Ouchi et al. ( , 2010 in the entire SXDS field and found that the z = 5.7 and z = 6.6 LAEs on average have negligibly low dust extinctions of E(B − V ) ∼ 0.0 and ∼ 0.1, respectively. Also, Ono et al. (2012) performed the SED-fitting of a z = 7.213 LAE (but it was detected by z-band dropout technique, not by a narrowband) and found that it has negligibly low dust extinction E(B − V ) ∼ 0.05. Meanwhile, Jiang et al. (2016) carried out the SED-fitting of the spectroscopically identified z = 5.7-6.6 galaxies in SDF (including both narrowband-selected LAEs and i ′ -band dropouts) and the z = 6.96 LAE IOK-1 (or NB973-SDF-85821 in Table 2 we detected in NB973). We notice that out of their galaxies, the narrowband-selected z ∼ 5.7 and z ∼ 6.6 LAEs have E(B − V ) ∼ 0.0-0.16 (0.06 on average) and ∼ 0.0-0.36 (0.15 on average), respectively, and IOK-1 has E(B − V ) ∼ 0.04. These SED-fitting studies suggest that amount of dust extinction is very low and similar among z = 5.7, 6.6 and 7 LAEs although the sample of z ∼ 7 LAEs in these studies is small. Hence, the deficit in the z = 7 LAE UV LF compared to the z = 5.7 and 6.6 ones may not be due to the difference in the amount of dust extinction between LAEs at these epochs. Whatever the origin of the deficit in the z = 7 LAE UV LF is, it implies that galaxy evolution seems to partially contribute to the deficit in the z = 7 Lyα LF. We will discuss this in more details and quantitatively in Section 5 when we obtain implications for reionization from the both z = 7 LAE Lyα and UV LFs.
Lyα Equivalent Width Distribution
Another method of examining the possible attenuation of Lyα emission of LAEs by neutral IGM during the reionization epoch is to compare the Lyα EW distribution of LAEs at z < 6 and z > 6. Kashikawa et al. (2011) found that the rest frame Lyα EW (EW 0 ) distributions of z ∼ 3-5.7 LAEs are very similar, but EW 0 's of z = 6.6 LAEs are significantly lower. This implies that Lyα emission might be attenuated by neutral IGM at z = 6.6. If this is the case, EW 0 's of our z = 7 LAEs could be even lower than those of z = 6.6 LAEs due to possibly stronger suppression of Lyα emission by potentially higher fraction of neutral IGM at higher redshift.
In Section 3.7, we derived EW 0 's (or lower limits on EW 0 ) of our z = 7 LAE candidates from their Lyα fluxes f line and UV continuum fluxes f c estimated by using the equation (2) and their NB973 and y-band total magnitudes in the same way as Kashikawa et al. (2011) . We count the number of the z = 7 LAEs in each EW 0 bin, correct it for the detection completeness estimated in Section 3.6 and shown in Figure 6 by number weighting according to the NB973 magnitude and normalize it by the total completeness-corrected number of the z = 7 LAEs. This procedure is also the same as the one taken by Kashikawa et al. (2011) . Hence, we can compare the EW 0 distribution of our z = 7 LAEs with those of the z = 5.7 and 6.6 LAEs derived by Kashikawa et al. (2011) with less or no bias/systematics. We make this comparison in Figure 15 . As Kashikawa et al. (2011) compiled EW 0 's of the z = 5.7 and 6.6 LAEs only in SDF, we also use our z = 7 LAEs only in SDF for the derivation of the z = 7 LAE EW 0 distribution. As seen in Table 4 , we compare these z = 5.7, 6.6 and 7 LAE samples in SDF to the fairly comparable EW 0 thresholds (10Å, 7Å and 10Å for z = 5.7, 6.6 and 7). Kashikawa et al. (2011) estimated the lower limits on EW 0 's of the z = 5.7 and 6.6 LAEs undetected (< 1σ) in z ′ -band (i.e., undetected in the UV continuum) from the 1σ magnitude of the z ′ -band SDF image and included them in the EW 0 bins in the EW 0 distributions of the z = 5.7 and 6.6 LAEs (the blue and the green bins with an arrow in Figure  15 ). Hence, for the fair comparison, in the EW 0 bins (the red bins with an arrow in Figure 15 ) we also include the lower limits on EW 0 's of the z = 7 LAEs undetected (< 1σ) in y-band estimated from the 1σ magnitude of the y-band SDF image (see Table 3 and Section 3.7 for the EW 0 lower limits). The frequencies f of the bins with an arrow in Figure 15 are upper limits as true values of included EW 0 lower limits fall in the same bins or higher EW 0 bins. Figure 15 shows that the peak of the z = 7 EW 0 distribution coincides with that of the z = 5.7 distribution at the EW 0 = 80-100Å bin. Also, the overall distributions look very similar between z = 7 and z = 5.7. However, the z = 7 EW 0 distribution exhibits bimodality with another peak at the 20-40Å bin. The three consecutive (0-60Å) bins around this peak consist of EW 0 's of only the z = 7 LAEs detected in the UV continuum and do not include any EW 0 lower limits of the LAEs undetected Figure 15 . The differential rest frame Lyα EW (EW 0 ) distribution of our z = 7 LAE sample in SDF compared with those of the z = 5.7 and z = 6.6 LAE samples in SDF from Kashikawa et al. (2011) . The bins with an arrow include the lower limits on EW 0 's of the LAEs not detected in the rest frame UV continuum, and thus their frequencies are upper limits as true values of their EW 0 's fall in the same bins or higher EW 0 bins. Figure 16 . The rest frame Lyα EW (EW 0 ) as a function of UV continuum luminosity (M UV ). The arrows show lower limits on EW 0 and M UV . The red circles show the z = 7 LAE candidates detected in the UV continuum in both SDF and SXDS while the blue triangles indicate the objects with an extremely faint or zero Lyα flux (0 ≤ EW 0 < 10Å) and z ′ − NB973 < 0 color (likely considered z ∼ 7 LBGs; see Section 3.8 and Tables 2 and 3 for their details). The dotted curves are the EW 0 's at the fixed Lyα luminosities L(Lyα) = 10, 5, 2, 1, 0.5, 0.2, 0.1 × 10 43 erg s −1 from top to bottom.
in the UV continuum. Hence, there is no uncertainty due to including any EW 0 lower limits. Moreover, these three bins comprise two thirds of (4 out of the 6) z = 7 LAEs detected in the UV continuum in SDF. The EW 0 's of these bins are lower than typical EW 0 's (and EW 0 's limits) of the z = 5.7 and z = 6.6 LAEs. Hence, there is a possibility that Lyα emission of a fraction of the z = 7 LAEs might be more strongly attenuated by possibly higher fraction of neutral IGM at z = 7 than z = 5.7 and z = 6.6 although our z = 7 LAE sample size is much smaller than those of the z = 5.7 and 6.6 LAEs.
Lyα EW -M UV Relation
On the other hand, previous studies found that both z = 3.1-6.6 LAEs and z ∼ 3-6 LBGs share the same trend in the EW 0 -UV luminosity relation that there is an apparent deficit of high Lyα EW galaxies with a bright UV luminosity. Galaxies with a fainter UV continuum tend to exhibit higher Lyα EWs (Shapley et al. 2003; Ando et al. 2006; Shimasaku et al. 2006; Stanway et al. 2007; Deharveng et al. 2008; Ouchi et al. 2008; Vanzella et al. 2009; Stark et al. 2010; Kashikawa et al. 2011 ). This trend has been clearly confirmed by the previous studies in the EW 0 -M UV relation in such a way that EW 0 systematically decreases as UV luminosity increases. To see if this also applies to z = 7 LAEs, we plot the EW 0 -M UV diagram of our z = 7 LAE candidates in SDF and SXDS in Figure 16 . We find that our z = 7 LAE candidates also lack the high EW bright UV luminosity objects and that those with fainter M UV exhibit higher EWs following the same trend as that seen for lower redshift LAEs and LBGs. We also plot the objects with an extremely faint or zero Lyα flux (0 ≤ EW 0 < 10Å) and a z ′ − NB973 < 0 color (likely considered z ∼ 7 LBGs; see Section 3.8, Tables 2 and 3 and Figure 8 for their details). They show brighter UV luminosities than the z = 7 LAE candidates and are located at the low-EW 0 , high-M UV edge of the EW 0 -M UV trend.
The physical mechanism of the EW 0 -M UV trend of LAEs and LBGs has not been fully understood yet, but several studies suggested a few different explanations; e.g., higher metallicities in the UV-bright galaxies, older stellar populations in the UV-bright galaxies, enhancement of EWs of UV-faint galaxies at a pre-outflow phase by clumpy dust extinction and low EWs of low dust UVbright galaxies at an outflow phase with a long history of starburst since its onset (Ando et al. 2006; Ouchi et al. 2008; Kobayashi, Totani & Nagashima 2010) . Whatever the origin would be, the EW 0 -M UV trend also exists for the galaxies at the epoch as early as z = 7.
DISCUSSION
In the previous sections, we have derived the Lyα LF, the UV LF and the EW 0 distribution of the z = 7 LAEs from our observations. Then, we have found that the Lyα LF of LAEs evolves from z = 5.7 and 6.6 to 7 and from z = 7 to 7.3, that the UV LF of LAEs evolves from z = 5.7-6.6 to 7 and that most of the EW 0 's of the z = 7 LAEs detected in the UV continuum are lower than those of z = 5.7 and 6.6 LAEs. All these results would suggest that LAEs themselves do evolve and neutral fraction of IGM could also increase from z = 5.7-6.6 to 7 and from z = 7 to 7.3. In this section, we further investigate and discuss this by extracting the number and luminosity densities of LAEs as well as comparing the observation results with theoretical models of galaxy evolution and reionization.
Evolution of Number and Luminosity Densities of
LAEs If LAEs evolve and/or their detectability is affected by the attenuation of their Lyα emission by increasing neutral IGM towards higher redshift, the number, Lyα luminosity and UV continuum luminosity densities of LAEs would evolve with redshift. More specifically, the change in the number and Lyα luminosity densities reflects both galaxy evolution and attenuation of Lyα by neutral IGM a The number and UV continuum luminosity densities of LAEs. The densities of the z =5.7 and 6.6 LAEs were obtained by integrating the best-fit Schechter function derived by each author of the corresponding reference in column 2 down to the observed UV continuum luminosity limit MUV = −21 mag. The number (UV continuum luminosity) densities of the z = 7 LAEs were derived by counting the number (summing the UV continuum luminosities) of the LAEs to the z = 7 UV LF bin corresponding to the same limit.
while the UV luminosity density traces only galaxy evolution. Hence, comparing the redshift evolution of these three types of densities, we could obtain some implications for LAE evolution and reionization. The number and luminosity densities can be calculated by integrating the Lyα and UV LFs to certain Lyα and UV luminosity limits. In Section 4.1, we derived the Lyα LFs of our z = 7 LAE candidates (differential one and two types of cumulative ones) and fitted the Schechter function (with a fixed slope α = −1.5) to them. The best-fit results were presented in Table 5 together with those of the z = 5.7, 6.6 and 7.3 Lyα LFs obtained from the previous Subaru LAE surveys (Ouchi et al. 2008 Kashikawa et al. 2011; Konno et al. 2014) . We can calculate the number and Lyα luminosity densities of the z = 5.7-7.3 LAEs by integrating these best-fit Schechter functions. As for the Lyα luminosity limit, all these previous Subaru LAE surveys and our z = 7 LAE one reached comparable depths of L(Lyα) ≃ 2 × 10 42 erg s −1 . Ouchi et al. (2008 Ouchi et al. ( , 2010 and Konno et al. (2014) already calculated the observed number and/or Lyα luminosity densities (n obs Lyα and/or ρ obs Lyα ) of their LAEs at z = 5.7, 6.6 and 7.3, respectively, by integrating their best-fit Schechter functions to the common Lyα luminosity limit of log L(Lyα) (erg s −1 ) = 42.4. To facilitate the comparison with them, we also integrate our bestfit Schechter functions of the three types of the z = 7 Lyα LFs and those of the z = 5.7 and 6.6 Lyα LFs derived by Kashikawa et al. (2011) to log L(Lyα) (erg s −1 ) = 42.4 to obtain n obs Lyα and ρ obs Lyα at z = 5.7, 6.6 and 7. Moreover, similarly, we also calculate total Lyα luminosity densities ρ tot Lyα by integrating the best-fit Schechter functions to the zero luminosity L(Lyα) = 0. The n obs Lyα , ρ obs Lyα and ρ tot Lyα we calculate and take from the previous Subaru LAE surveys are listed in Table 5 .
On the other hand, we also calculate the number and UV luminosity densities, n obs UV and ρ obs UV , of z = 5.7, 6.6 and 7 LAEs and list them in Table 7 . Ouchi et al. (2008) and Kashikawa et al. (2011) derived the best-fit Schechter functions of the UV LFs of the z = 5.7 LAEs in SXDS and the z = 5.7 and 6.6 LAEs in SDF, respectively. To calculate n obs UV and ρ obs UV of these LAEs, we integrate these Schechter functions to the UV luminosity limit of M UV = −21 mag. This corresponds to the UV luminosity of the second brightest bin of the UV LFs of LAEs shown in Figure 14 and the faintest bin just above the 3σ limit of our z = 7 LAE UV LF. Meanwhile, we cannot accurately fit the Schechter function to our z = 7 LAE UV LF with only its two brightest bins above the 3σ UV luminosity limit. Thus, we estimate n obs UV and ρ obs UV of the z = 7 LAEs to M UV = −21 mag by counting the number of LAEs or summing their UV luminosities, correcting them for completeness and dividing them by our SDF survey volume.
In Figure 17 , we plot the number, Lyα luminosity and UV luminosity densities (n UV of LAEs at z = 3.1 and 3.7 to M UV = −21 mag by integrating the best-fit Schechter functions of the z = 3.1, 3.7 and 4.5 LAE Lyα LFs and the z = 3.1 and 3.7 LAE UV LFs derived by Ouchi et al. (2008) and Dawson et al. (2007) . We also plot these densities in Figure 17 to trace the evolution of the densities over the wide redshift range of z = 3.1-7.3. Figure 17 shows that n obs Lyα and ρ obs Lyα do not vary much at z = 3.1-5.7 (except for the decrease at z = 4.5; see below for more details), mildly decrease at z = 5.7-6.6, slightly more rapidly decrease at z = 6.6-7 and even more rapidly decrease at z = 7-7.3. The rates of the decrease in n obs Lyα and ρ obs Lyα increase as redshift gets higher at z = 5.7-7.3. Meanwhile, Figure 17 also shows that n obs UV and ρ obs UV do not change much at z = 3.1-3.7, increase at z = 3.7-5.7, apparently very slightly increase or possibly stay constant (given large errors) at z = 5.7-6.6 and then decrease at z = 6.6-7.
The possible origins of the decreases in n obs Lyα and ρ obs Lyα (the filled circles in Figure 17 ) at z = 4.5 might be (1) the difference in telescope/instruments/broadband filters used for the observations and most likely (2) the z = 4.5 Lyα LF based on only the spectroscopically confirmed LAEs in the Dawson et al. (2007) sample. As for (1), the Dawson et al. (2007) LAE sample is based on observations using the Mosaic CCD cameras on the 4 m Mayall Telescope at Kitt Peak National Observatory and on the 4 m Blanco Telescope at Cerro Tololo Inter-American Observatory while all the other data in Figure 17 are based on Subaru Suprime-Cam observations with its narrowband and broadband filter set. This difference might cause some systematic difference in selecting LAEs. As to the most likely origin (2), by using only spectroscop- Ouchi et al. (2010) (z = 6.6 LAEs in SXDS + SDF), this study (z = 7 LAEs in SDF and/or SXDS; we here plot the densities derived from our z = 7 differential Lyα LF in Figure 9 ) and Konno et al. (2014) (z = 7.3 LAEs in SXDS and COSMOS). As for the n Lyα and ρ Lyα at z = 4.5, the filled circles show the densities calculated from the Dawson et al. (2007) z = 4.5 Lyα LF based on the spectroscopically confirmed LAEs while the open circles indicate the densities corrected for the LAE selection reliability of ∼ 76% estimated by Dawson et al. (2007) (see also text in Section 5.1 for more details). The two data points for each of the n Lyα , n UV , ρ Lyα and ρ UV at z = 5.7 as well as n Lyα and ρ Lyα at z = 6.6 are slightly horizontally shifted for clarity; i.e., the left and right ones correspond to the data based on Ouchi et al. (2008 Ouchi et al. ( , 2010 and Kashikawa et al. (2011) , respectively. The top axis shows the cosmic ages corresponding to the redshifts at which the densities are calculated. The dotted lines simply connect the data points to help elucidate how the densities vary with redshift.
ically confirmed LAEs, both contaminations and photometric LAE candidates not yet spectroscopically confirmed are removed from the z = 4.5 Lyα LF. Thus, the n obs Lyα and ρ obs Lyα of LAEs at z = 4.5 could be lower than those estimated from the Ouchi et al. (2008) z = 3.1, 3.7 and 5.7 Lyα LFs based on LAE samples including both large fraction of photometric candidates and smaller fraction of spectroscopically confirmed LAEs. For example, the difference in densities caused by spectroscopy fraction can be seen for the z = 5.7 and 6.6 n obs Lyα and ρ obs Lyα derived by using the Ouchi et al. (2008 Ouchi et al. ( , 2010 ) z = 5.7 and 6.6 Lyα LFs based on large fraction of photometric LAE candidates (the left data points at z = 5.7 and 6.6 in Figure 17 ) and the Kashikawa et al. (2011) z = 5.7 and 6.6 Lyα LFs based on large fraction of spectroscopically confirmed LAEs (the right data points at z = 5.7 and 6.6 in Figure 17 ). The z = 5.7 and 6.6 n Figure 17 ) for this reliability to obtain the densities based on the "photometric" z = 4.5 LAE sample, they become closer to and consistent within errors with those at z = 3.7 as shown by the open circles at z = 4.5 in Figure 17 . Hence, we consider that the n obs Lyα and ρ obs Lyα do not change much among z = 3.1, 3.7, 4.5 and 5.7.
While n obs Lyα and ρ obs Lyα of LAEs do not evolve much at z = 3.1-5.7, they seem to decrease with increasing rate at z = 5.7-7.3 in Figure 17 . Meanwhile, n obs UV and ρ obs UV of LAEs slightly increase or almost stay unchanged at z = 5.7-6.6 (given large errors) and decrease at z = 6.6-7. Figure 18 shows the close-up of the change in Lyα and UV luminosity densities ρ obs Lyα and ρ obs UV of LAEs at Changes from z = 6.6 to 7 and 7.3 z LF a for n Lyα at the redshifts z in column 1). b The best-fit Schechter function of the differential z = 7 Lyα LF (see the left panel of Figure 9 ) is used to calculate the numerators of the ratios (i.e., n obs,z Lyα , ρ obs,z Lyα , ρ tot,z Lyα ). c The best-fit Schechter function of the cumulative z = 7 Lyα LF excluding the faintest bins where no LAE is detected (see the middle panel of Figure 9 ) is used to calculate the numerators of the ratios. d The best-fit Schechter function of the cumulative z = 7 Lyα LF including the faintest bins (see the right panel of Figure 9 ) is used to calculate the numerators of the ratios. e The Lyα LFs used to calculate the denominators of the ratios (i.e., n obs Lyα , ρ obs Lyα and ρ tot Lyα at z = 5.7, 6.6 and 7).
Table 9
Changes from Lower Redshifts in Number and UV Continuum Luminosity Densities (n obs UV , ρ obs UV ) of LAEs at z = 6.6 and 7
Changes from z = 5.7 to 6.6 and 7
Changes from z = 6.6 to 7 z UV LF a for n Figure 18 . The close-up of redshift evolution of the Lyα and UV luminosity densities of LAEs (ρ LAE Lyα and ρ LAE UV ) among z = 5.7, 6.6, 7 and 7.3 indicated by the red circles and the blue squares, respectively, as well as that of the UV luminosity densities of LBGs (ρ LBG UV ) among z ∼ 5. 9, 6.8, 7.9, 9.0 and 10.4 shown by the blue pentagons. The ρ LAE Lyα and ρ LAE UV data and the solid lines connecting them are the same as the data and the dotted lines plotted in Figure  17 (see the caption of Figure 17 and the references therein). The ρ LBG UV data and the solid lines fitted to the data are taken from Figure 11 of Konno et al. (2014) . They were originally taken from Bouwens et al. (2015a) for z = 5. 9, 6.8, 7.9, and 10.4, and Ellis et al. (2013) for z = 9.0. z = 5.7-7.3 and at z = 5.7-7, respectively (labeled ρ LAE Lyα and ρ LAE UV in the figure) . The rate of decrease in ρ LAE Lyα seems to increase as redshift gets higher. On the other hand, the ρ LAE UV seems to decrease with a similar or slightly higher rate than that of ρ LAE Lyα . To look into this quantitatively, we calculate and list the ratios of the number and Lyα luminosity densities at z (= 6.6, 7 or 7.3) to those at z = 5.7, n Table 8 . The ratios of the densities at z (= 7 or 7.3) to those at z = 6.6 as well as the densities at z (= 7.3) to those at z = 7 are also listed in Table  8 . Similarly, we also calculate and list the ratios of the number and UV luminosity densities at z (= 6.6 or 7) to those at z = 5.7, n obs,z UV /n obs,z=5.7 UV and ρ obs,z UV /ρ obs,z=5.7 UV , in Table 9 . The ratios of the UV number and luminosity densities at z (= 7) to those at z = 6.6, n obs,z UV /n obs,z=6.6 UV and ρ obs,z UV /ρ obs,z=6.6 UV , are also listed in Table 9 . As seen in Tables 8 and 9 , we calculate the ratios using combinations of densities obtained from different Lyα/UV LFs derived by different authors or methods to see whether the trend of change in the ratio with redshift depends on how the Lyα/UV LFs were derived.
The "Changes from z = 5.7 to 6.6, 7 and 7.3" section of Table 9 shows that n obs,z UV /n obs,z=5.7 UV and ρ obs,z UV /ρ obs,z=5.7 UV very modestly increase from z = 5.7 to 6.6 and decrease from z = 6.6 to 7. Comparison of the "Changes from z = 6.6 to 7 and 7.3" section of Table 8 and the "Changes from z = 6.6 to 7" section of Table 9 shows that the decreases in the number and luminosity densities in UV continuum from z = 6.6 to 7 are comparable or more rapid than those in the number and luminosity densities in Lyα from z = 6.6 to 7 (i. = 5.7-6.6, 6.6-7 and 7-7.3 and list them in Table 10 . We define these decrease rates at a redshift range z = z 1 -z 2 corresponding to a cosmic time interval t = t 1 -t 2 Gyr as ∆n obs /∆t = (1 − n obs z2 /n are the number and luminosity densities at the redshifts z 1 and z 2 . Also, the time intervals are ∆t = t 2 − t 1 = 0.16, 0.06 and 0.04 Gyr for z = 5. respectively. Figures 17 and 18 show only the n obs Lyα and ρ obs Lyα derived from our z = 7 differential Lyα LF in the left panel of Figure 9 . In Table 10 , we also calculate ∆n obs Lyα /∆t and ∆ρ obs Lyα /∆t at z = 6.6-7 by using the z = 7 LAE n obs Lyα and ρ obs Lyα derived from our z = 7 cumulative Lyα LFs excluding (including) the faintest bins where no LAE is detected shown in the middle (right) panel of Figure 9 . Table 10 shows that ∆n These results presented in Table 10 suggest that rates of the decrease in n Konno et al. (2014) . c The z = 7 differential Lyα LF from the left panel in Figure 9 . d The z = 7 cumulative Lyα LF excluding the faintest bins where no LAE is detected from the middle panel in Figure 9 . f The z = 7 cumulative Lyα LF including the faintest bins where no LAE is detected from the right panel in Figure 9 .
changed at z = 5.7-6.6 and decrease at z = 6.6-7 with a comparable rate or more rapidly than the decrease in n obs Lyα and ρ obs Lyα at z = 6.6-7. This implies that there is almost no LAE evolution at z = 5.7-6.6 in terms of number and Lyα and UV luminosities while LAEs evolve at z = 6.6-7. Hence, the changes in n obs Lyα and ρ obs Lyα at z = 5.7-6.6 are not due to galaxy evolution while those at z = 6.6-7 are partly due to galaxy evolution. Moreover, the accelerating decreases in n obs Lyα and ρ obs Lyα found here would be consistent with the accelerating decrease in the best-fit Schechter function L * and φ * parameters (i.e. increases in ∆L * /∆t and ∆φ * /∆t) found earlier in Section 4.1.4 and Table 6 . Konno et al. (2014) compared the redshift evolution of ρ obs Lyα among z = 5.7, 6.6 and 7.3 with that of ρ UV of LBGs (dropout galaxies) at z ∼ 6-10 by assuming that the redshift evolutions of ρ UV of LAEs and LBGs are the same. We take these LBG UV luminosity densities data from Konno et al. (2014) (originally from Ellis et al. 2013; Bouwens et al. 2015a ) and plot them in Figure  18 (labeled ρ LBG UV ). As seen in this figure (and Figure 11 in Konno et al. 2014) , Konno et al. (2014) argued that the rates of the decrease in ρ LAE Lyα and ρ LBG UV are almost the same at z ∼ 6-6.6, but ρ LAE Lyα starts to decrease more rapidly from z = 6.6 while ρ LBG UV begins to decrease more sharply from z ∼ 8. They called these redshifts ρ However, strictly speaking, the redshift evolutions of ρ UV of LAEs and LBGs (ρ LAE UV and ρ LBG UV versus z) may not necessarily be the same. This is because galaxies detected by a narrowband excess (LAEs) and those by a broadband dropout method (we call dropout galaxies LBGs for simplicity but some fraction of LAEs are included) are quite different despite some degree of overlap. A narrowband excess method detects mostly galaxies with a faint to bright Lyα emission and a faint UV continuum as well as small fraction of galaxies with a very bright Lyα emission and a bright UV continuum. Meanwhile, a dropout method detects mainly galaxies with no Lyα emission or a faint to bright Lyα emission and a bright UV continuum as well as small fraction of galaxies with a very bright Lyα emission and a faint UV continuum. Thus, a narrowband excess can detect galaxies with a faint Lyα emission and a faint UV continuum while a dropout method cannot. Moreover, a typical narrowband excess criterion does not detect galaxies with zero/faint Lyα emission and a bright UV continuum but a dropout method does 8 . Hence, though limited to only redshifts z = 5.7, 6.6 and 7 and the large errors in ρ begins to decrease at z ∼ 8. As the ρ LAE UV knee and the ρ LBG UV knee are different, LAEs and LBGs evolve in different way at z ≥ 6.6 in terms of global luminosity or SFR density. Hence, as mentioned earlier, the decrease in ρ LAE Lyα (and also n LAE Lyα ) from z = 6.6 to z = 7 (and also possibly from z = 7 to z = 7.3) would be partly due to the evolution of LAE population (as implied by the decrease in ρ LAE UV at z = 6.6-7). 5.2. Implications for Galaxy Evolution and Cosmic Reionization In the previous sections, we have found that the Lyα LF and the Lyα luminosity density of LAEs decline from z = 5.7 and 6.6 to 7. We have also found that the UV LF and the UV luminosity density of LAEs decline from z = 5.7 and 6.6 to 7. Thus, we have considered that the declines of the Lyα LF and the Lyα luminosity density can be partly ascribed to galaxy evolution from z = 5.7 and 6.6 to 7. Meanwhile, the previous Subaru 7 and 7.3 8 In the case of our z = 7 LAE selection, we detected such galaxies by the z ′ −NB973 > 1 excess because the NB973 bandpass is located at the red edge of the z ′ bandpass and because the NB973 bandpass (200Å) is wider than that of a typical narrowband filter ( 100Å). However, we removed them from our LAE sample by imposing another narrowband excess criterion y − NB973 > 0 as the NB973 bandpass is located in the middle of the y bandpass.
suggested that the declines of the Lyα LF and the Lyα luminosity density can be attributed to both galaxy evolution and attenuation of Lyα emission of LAEs by neutral IGM whose fraction increases as redshift gets higher (Iye et al. 2006; Kashikawa et al. 2006 Kashikawa et al. , 2011 Ota et al. 2008 Ota et al. , 2010 Ouchi et al. 2010; Shibuya et al. 2012; Konno et al. 2014) . Hence, in this section, we compare our Lyα and UV LFs and luminosity densities of the z = 7 LAE candidates with galaxy evolution and reionization models to examine if the declines of the Lyα LF and the Lyα luminosity density at z = 7 can be also partly ascribed to attenuation of Lyα by neutral IGM.
Comparison with Galaxy Evolution Models and Constraint on IGM Transmission for Lyα Photons
First, in Figure 19 , we compare our three types of z = 7 Lyα LFs (one differential and two cumulative ones from the left, middle and right panels of Figure 9 ) with the Lyα LFs theoretically predicted by using the Kobayashi, Totani & Nagashima (2007 , 2010 , hereafter KTN10) LAE evolution model. KTN10 constructed this LAE model by incorporating new modeling for an escape fraction of Lyα photons from galaxies into a recent hierarchical clustering model of Nagashima & Yoshii (2004) , physically considering dust extinction of Lyα photons and the effect of galaxy-scale outflows. The KTN10 model was empirically calibrated to fit the observed Lyα LFs of z = 5.7 LAEs in SDF and SXDS derived by Shimasaku et al. (2006) and Ouchi et al. (2008) (see Figure  2 in the KTN10 paper; also see the observed z = 5.7 Lyα LF and the one predicted by the KTN10 model in Figure 19 ). It is worth noting that, with the consistent set of model parameters, the model naturally reproduces observed data of LAEs (i.e., Lyα LF, UV LF, and EW 0 distribution) in the redshift range of z ∼ 3-6 under the standard scenario of hierarchical galaxy formation.
In the left panel of Figure 19 , we plot our observed differential z = 7 LAE Lyα LF (red circles), its best-fit Schechter function (red solid line), Lyα LFs of LAEs at z = 5.7 and 7 expected in the case of the IGM transmission for Lyα photons T IGM Lyα = 1 (or equivalently neutral fraction x HI = 0), which we calculated by using the KTN10 model (thick blue dashed and black solid lines, respectively). The KTN10 model z = 5.7 Lyα LF is calibrated by the observed z = 5.7 Lyα LF derived by Ouchi et al. (2008) . Note that the KTN10 model apparently underpredicts the z = 5.7 Lyα LF at the fainter luminosities log L(Lyα) 42.8 by a factor of ∼ 2-3 (considering the errors of the observed LF). Ouchi et al. (2008) estimated that the detection completeness in their faintest narrowband magnitude bin (NB816 = 25.5-26.0 mag) is 50%-60% in their z = 5.7 LAE survey. They also estimated that the contamination rate of their z = 5.7 LAE photometric sample is 0%-25%. Thus, the fainter side of the observed z = 5.7 Lyα LF has an uncertainty of up to a factor of ∼ 3, and we cannot tell if the observed and predicted LFs are consistent at the faint luminosities. Therefore, we compare the observed and model Lyα LFs at the brighter luminosities log L(Lyα) 42.8.
We can see that the KTN10 model Lyα LF declines from z = 5.7 to z = 7 due to galaxy evolution. However, our observed z = 7 Lyα LF is even lower than the model z = 7 Lyα LF beyond the errors including Poisson errors and cosmic variance. As the model z = 7 Lyα LF has already evolved from z = 5.7, this discrepancy between the observed and predicted Lyα LFs cannot be explained by galaxy evolution. Although there are a lot of uncertainties in theoretical modeling of LAEs (Cai et al. 2014; Dayal & Ferrara 2012; Dijkstra & Wyithe 2012; Garel et al. 2015; Jensen et al. 2013; Jose et al. 2013; Nagamine et al. 2010; Orsi et al. 2012; Shimizu et al. 2011; Tilvi et al. 2009; Yajima et al. 2014) , in general it is theoretically unlikely that an unknown effect changes only Lyα luminosity compared with UV continuum luminosity in this short redshift range of z = 5.7-7.0. Thus, it could be due to the Lyα attenuation by neutral IGM. Actually, if we attenuate the Lyα luminosity of the KTN10 model z = 7 Lyα LF by a factor of 0.62 (that is, T IGM Lyα,z=7 /T IGM Lyα,z=5.7 = 0.62), it best fits the observed z = 7 Lyα LF as shown by the thin black dashed line in the left panel of Figure 19 (we perform the fitting by χ 2 minimization by treating the attenuation factor as a free parameter).
On the other hand, in the right panel of Figure 19 , we also plot our two observed cumulative z = 7 LAE Lyα LFs excluding (including) the faintest bins where no LAE is detected (filled (open) circles), their best-fit Schechter functions (red solid (dotted) line), the z = 5.7 and 7 KTN10 model Lyα LFs in the case of T IGM Lyα = 1 (thick blue dashed and black solid lines, respectively). Again, the both observed z = 7 LFs are lower than the z = 7 KTN10 model Lyα LF. If we assume that this is due to the Lyα attenuation by neutral IGM and attenuate the Lyα luminosity of the model z = 7 Lyα LF by a factor of T IGM Lyα,z=7 /T IGM Lyα,z=5.7 = 0.70 (0.60), it best fits the observed z = 7 cumulative Lyα LFs excluding (including) the faintest bins as shown by the thin black dashed (dot-dashed) line in the right panel of Figure 19 .
Meanwhile, based on their Subaru Suprime-Cam z = 6.6 and z = 7.3 LAE surveys and using a different method, Ouchi et al. (2010) and Konno et al. (2014) estimated the IGM transmission for Lyα photons at z = 6.6 and z = 7.3 relative to z = 5.7 to be T IGM Lyα,z=6.6 /T IGM Lyα,z=5.7 = 0.80 ± 0.18 and T IGM Lyα,z=7.3 /T IGM Lyα,z=5.7 = 0.29, respectively. To estimate these, they used the equation they derived,
by assuming that stellar population and escape fraction of Lyα photons through interstellar medium (galactic neutral hydrogen and dust) of LAEs do not evolve between z = 5.7 and the redshift of interest z (see Konno et al. 2014 , for more details). The numerator is the ratio of the total Lyα luminosity densities of LAEs at z = 5.7 and z. This represents the attenuation of Lyα emission of LAEs by neutral IGM at z relative to z = 5.7 where there is no such attenuation. The denominator is the ratio of the UV luminosity densities of LAEs at z = 5.7 and z. This ratio corrects the IGM transmission of Lyα photons for the galaxy evolution factor that contributes to the Lyα luminosity density evolution between z = 5.7 and z. For example, Konno et al. (2014) used the ρ z=7.3 UV /ρ z=5.7 UV of LBGs instead of that of LAEs as the UV LF of z = 7.3 LAEs is not available. In our case, though limited to the UV luminosity of M UV ≤ −21 mag, we have calculated the ρ UV 's of LAEs at z = 5.7 and z = 7 from their UV LFs and listed the ratios in Figure 19 . (Left) Comparison of the observed differential z = 7 Lyα LF (red filled circles) with the z = 5.7 and z = 7 Lyα LFs in the case of T IGM Lyα = 1 (or x HI = 0) predicted by the KTN10 model (the thick blue dashed and the thick black solid lines, respectively). The z = 5.7 KTN10 model Lyα LF is calibrated by the observed z = 5.7 Lyα LF (blue filled circles) derived by Ouchi et al. (2008) . The error bars include both Poisson errors and cosmic variance. The red solid line is the Schechter function best fitted to the observed z = 7 Lyα LF. The thin black dashed line is the KTN10 z = 7 Lyα LF with its Lyα luminosities attenuated by a factor of 0.62, which best fits the observed z = 7 Lyα LF by χ 2 minimization. (Right) The same comparison as the left panel but for the observed cumulative z = 7 Lyα LFs excluding (including) the faintest bins where no LAE is detected and their best-fit Schechter function is shown by the filled (open) circles and the red solid (dotted) line, respectively. The pink shaded region shows the difference between the two z = 7 Lyα LFs at their faint ends which can be considered the possible range of the z = 7 Lyα LF at the faint end. The thin black dashed (dot-dashed) line is the KTN10 z = 7 Lyα LF with its Lyα luminosities attenuated by a factor of 0.7 (0.6), which best fits the observed cumulative z = 7 Lyα LF excluding (including) the faintest bins by χ 2 minimization. The three types of observed z = 7 Lyα LFs and their best-fit Schechter functions in the both panels here are taken from the three panels in Figure 9 . Figure 20 . (Left) Cosmic reionization history (neutral fraction x HI as a function of redshift) constrained by our z = 7 LAE survey and previous studies using various probes. The lower limit on x HI at z = 7 obtained by our study based on the Lyα LF is indicated by the large red filled circle. Meanwhile, the filled magenta square, circle, triangle and pentagon denote the neutral fractions estimated from the Lyα LFs at z = 6.6 and 7.3 by Malhotra & Rhoads (2004) , Kashikawa et al. (2011 and Konno et al. (2014) , respectively. The three z = 6.6 data points are slightly horizontally shifted from each other for clarity. The open diamond is the x HI constraint from the analysis of the clustering of z = 6.6 LAEs by Ouchi et al. (2010) . The blue filled triangle shows x HI constrained by QSO GP test by Fan et al. (2006) . The brown filled square denotes the constraints from the QSO dark Lyα forest pixels obtained by McGreer et al. (2011) . The green filled square, circle and triangle are the constraints based on GRB damping wing absorption by Totani et al. (2016) , Totani et al. (2006) and Greiner et al. (2009) , respectively. The yellow filled square and circle indicate x HI estimated from sizes of QSO near zones by Schroeder et al. (2013) and Bolton et al. (2011) , respectively. The orange filled square and circle are x HI constrained from the fraction of Lyα emitting LBGs at z ∼ 7 (the combined constraint from Stark et al. 2010; Pentericci et al. 2011 Pentericci et al. , 2014 Schenker et al. 2012 Schenker et al. , 2014 Ono et al. 2012; Treu et al. 2012; Caruana et al. 2012 Caruana et al. , 2014 Furusawa et al. 2016 ) and z ∼ 8 (Schenker et al. 2014) . The blue and light-blue shaded regions show the 68% and 95% allowed intervals of reionization history, respectively, constrained by the redshift-symmetric reionization model and the analysis of the Planck pre-2016 CMB observations data by Planck Collaboration et al. HI estimates above based on different reionization models, we conclude that the neutral IGM fraction at z = 7 would be x z=7 HI 0.4. As mentioned earlier in Section 1, Zheng et al. (2017) also conducted their z = 6.9 LAE survey and constrained the neutral fraction at z = 6.9 to be x z=6.9 HI ∼ 0.4-0.6 in the similar way; i.e., comparing the z = 6.9 Lyα LF and the decline of the Lyα luminosity density from z = 5.7 to 6.9 with the same reionization models we used (Santos 2004; Furlanetto et al. 2006; Dijkstra et al. 2007; McQuinn et al. 2007) . As their z = 6.9 Lyα LF and luminosity density are based on photometric LAE candidates, which could include some contaminations, their constraint on x HI would be the lower limit and is consistent with ours. Figure 20 shows cosmic reionization history (x HI as a function of redshift) obtained by combining our x HI estimate at z = 7 and constraints on x HI at z ∼ 5-8 from previous studies of LAEs at z = 6.6 and 7.3 (Lyα LF and clustering), QSOs (GP optical depth, dark pixels and near zone), GRB damping wing absorptions and LBG Lyα fractions. It suggests that x HI increases rapidly from ∼ 10 −4 to 0.6 at z ∼ 6-8. Figure 20 also overplots the most recent constraint on reionization history (the 68% and 95% confidence intervals) from the analysis of the Planck 2016 CMB observations intermediate results assuming the redshift-symmetric reionization model (Planck Collaboration et al. 2016b). Our x HI estimate at z = 7 together with the compilation of x HI 's at z ∼ 6-8 from previous studies are consistent with the reionization history inferred from the Planck 2016 result. Moreover, in the right panel of Figure 20 , we overlay the reionization histories inferred from the contribution from starforming galaxies derived by the Robertson et al. (2015) model and the cosmic ionizing emissivity by the Bouwens et al. (2015b) model. Our constraint on x HI at z = 7 is also consistent with their models.
5.2.3. Possible Impact on Sky Distribution of z = 7 LAE Candidates by Reionization
In Section 5.2.2, we have constrained the neutral fraction at z = 7 to be x z=7 HI 0.4. If the universe is really partly neutral at z = 7, this may affect the visibility and sky distribution of LAEs. LAEs in ionized bubbles near ionizing sources would be more easily seen than those in the regions of locally higher neutral fraction.
To examine this, we plot sky distributions of the 14 and 6 z = 7 LAE candidates in SDF and SXDS in Figures We also encircle and number the six and three LAE candidates in SDF and SXDS detected in the UV continuum in the order of decreasing UV continuum luminosity (M UV ∼ −21.6 to −19.44 mag and −21.05 to −20.15 mag for the LAEs in SDF and SXDS, respectively; also see Table 3 ). These LAEs can be moderate ionizing sources. The brightest source NB973-SDF-85821 in SDF in the brightest Lyα LF bin logL(Lyα) = 43.2-43.4 (the largest filled red circle marked by a red square in Figure 21 ) is the z = 6.96 LAE IOK-1. It is also the brightest in the UV continuum of all the UV-continuumdetected LAEs in SDF and SXDS. The four objects in SDF with a y − NB973 < 0 color and an extremely faint or zero Lyα flux finally removed from our z = 7 LAE sample are also shown by the blue triangles (see Tables 2  and 3 and Section 3.8). As discussed earlier, we consider them z ∼ 7 LBG candidates with a very bright UV continuum luminosity (M UV −21.8 mag), and thus they can be stronger ionizing sources.
In Section 5.2.2, we have estimated the typical radius of ionized bubbles at z = 7 to be R HII 13-24 (24-80) comoving Mpc by using the boost (non-boost) case of the Dijkstra et al. (2007) reionization model. To see how many observed LAE candidates exist near the ionizing sources within the typical radius of ionized bubbles, we also plot the circles (dashed lines) of a radius R HII = 13 comoving Mpc (the most stringent constraint on R HII ) around the UV-continuum-detected LAE candidates and the LBG candidates in Figures 21 and 22 . Note that this radius R HII is not a typical minimum size of ionized bubbles created by one isolated ionizing source. Here, we try to see if LAE(s) and ionizing source(s) are located within a typical ionized bubble of radius R HII . We see that most of the LAE candidates are either located within R HII from any ionizing sources or are themselves moderate ionizing sources (i.e. UV-continuum-detected) that can ionize their surroundings. Some other LAEs (three in SDF and two in SXDS) are neither located at the distances within R HII from any ionizing sources nor We also encircle and number the six LAE candidates detected in the UV continuum in the order of decreasing UV continuum luminosity (M UV ∼ −21.6 to −19.44 mag; also see Table 3 ). These LAEs can be moderate ionizing sources. The one brightest in both Lyα and the UV continuum, NB973-SDF-85821, previously spectroscopically confirmed as a z = 6.96 LAE, IOK-1, by Iye et al. (2006) , Ota et al. (2008) and Ono et al. (2012) is marked with the red square. The four objects with a y − NB973 < 0 color and an extremely faint or zero Lyα flux (0 ≤ EW 0 < 10Å; likely considered z ∼ 7 LBGs with a very bright UV continuum M UV −21.8 mag) finally removed from our z = 7 LAE sample are also shown by the blue triangles (see Tables 2 and 3 and Section 3.8 for their details). They can be stronger ionizing sources. We also plot the circles (dashed lines) of a radius R HII = 13 comoving Mpc (the most stringent constraint on the typical radius of ionized bubbles at z = 7; see Section 5.2.2) around the UV-continuum-detected LAE candidates and the LBG candidates. The regions we masked when we selected the LAE candidates are shown by the shades. North is up and east to the left. The scale in the left and bottom axes are in arcmin while the right and top ones in comoving Mpc at z = 7.
themselves moderate ionizing sources. However, most of them (four out of the five) are located close to the edges of the SDF and SXDS images, and thus we do not know whether they have neighboring ionizing sources within R HII . Also, if we slightly loosen the constraint on R HII , some of these LAEs are located at the distances within R HII from the ionizing sources. Eventually, sky distributions of the LAEs and the ionizing sources imply that the LAEs near the ionizing sources within typical ionized bubbles and/or the UV-bright LAEs that are themselves moderate ionizing sources would be preferentially seen by our narrowband NB973 observations. However, it should be noted that we cannot rule out the possibility that the observed z = 7 LAE sky distributions are just product of chance, either.
On the other hand, the sky distributions of the LAE and LBG candidates in SDF and SXDS as well as brightness in the UV continuum of the LAEs could explain the non-evolution of the Lyα LF between z = 6.6 and z = 7 at the bright end (the two brightest bins logL(Lyα) = 43.2-43.4 and 43.0-43.2) seen in Figure 10 . The brightest Lyα LF bin includes only IOK-1 in SDF as seen in Figure 21 . IOK-1 is detected in the UV continuum and has the brightest UV continuum luminosity of all the UV-continuum-detected LAE candidates. Hence, it may Table 3 ). They are also encircled with R HII = 13 circles (dashed lines). The shades are the masked regions. North is up and east to the left.
be able to effectively ionize its surroundings by itself, and this could reduce the neutral fraction locally, allow the higher transmission of its Lyα photons and make IOK-1 very bright in Lyα emission, too. Meanwhile, the second brightest Lyα LF bin contains two LAEs in SDF and two LAEs in SXDS as seen in Figures 21 and 22 . The one in SDF and the two in SXDS are detected in the UV continuum and thus UV-bright galaxies that could ionize their surroundings by themselves. The remaining one LAE in SDF is not detected in the UV continuum and hence a UV-faint galaxy that might not be able to ionize its surroundings well. However, as seen in Figure  21 , there is a z ∼ 7 LBG candidate very close (within 2 comoving Mpc) to this LAE candidates. This LBG could ionize the neutral IGM around the LAE. All these situations may allow the locally higher transmission of Lyα photons from these four LAEs in SDF and SXDS, making them bright in Lyα emission. As a result, the two brightest Lyα LF bins include Lyα-bright LAEs and could contribute to the apparent non-evolution of the Lyα LF between z = 6.6 and z = 7 at the bright end in possible conspiracy with the field-to-field variance of the number of LAEs and the difference in the method of estimating the narrowband detection completeness between our and previous LAE studies discussed earlier.
SUMMARY AND CONCLUSION
We carried out very deep Subaru Suprime-Cam NB973 imaging of SDF and SXDS to conduct a census of z = 7 LAEs to the Lyα luminosity limit as comparable as possible to the depths of the previous Subaru surveys of LAEs at z = 5.7, 6.6 and 7.3 and to investigate the z = 7 Lyα LF to its faint end. Our observations led to the Lyα flux limits of f (Lyα) lim = 3.4 × 10 −18 and 4.7 × 10 −18 erg s −1 cm −2 (4σ) or the Lyα luminosity limits of L(Lyα) lim = 2.0 × 10 42 and 2.7 × 10 42 erg s −1 (4σ) for SDF and SXDS, respectively. These limits correspond to 0.22-0.36 L * z=7 (SDF) and 0.29-0.49 L * z=7 (SXDS) and probe the z = 7 Lyα LF to its fainter end. The L * z=7
are derived by fitting the Schechter function to the z = 7 Lyα LFs (see below).
We also newly obtained fairly deep Suprime-Cam yband imaging of SXDS and the very deep y-band image of SDF (Ouchi et al. 2009; Tadaki et al. 2012 , and our observations). The y-band covers both z = 7 Lyα emission and the rest frame UV continuum redward of it. Hence, we simulate the colors of z = 7 LAEs including the y-band and established a new robust color selection criteria of them. Application of the criteria to our photometric catalog led to the detections of 14 and 6 z = 7 LAE candidates (including one z = 6.96 LAE previously spectroscopically confirmed) in SDF and SXDS, respectively. This is considerably smaller number than the 89 z = 5.7 and 58 z = 6.6 LAE photometric candidates previously detected in SDF to the comparable depths but 1.7 (z = 5.7) and 1.4 (z = 6.6) times smaller survey volumes with Subaru Suprime-Cam (Taniguchi et al. 2005; Shimasaku et al. 2006; Kashikawa et al. 2006 Kashikawa et al. , 2011 . Using NB973 and y-band total magnitudes (or limits) of the z = 7 LAE candidates, we estimate their Lyα fluxes, luminosities and EWs as well as UV continuum magnitudes, fluxes and luminosities. Then, we derive the Lyα and UV LFs and EW distribution of the z = 7 LAE candidates. We summarize main results of our study below.
1. We derive both differential and cumulative z = 7
Lyα LFs to facilitate the comparison with the z = 5.7, 6.6 and 7.3 Lyα LFs derived differentially or cumulatively by the previous Subaru LAE studies. We do not detect any z = 7 LAE candidates at the Lyα luminosity ranges of log L(Lyα) (erg s −1 ) = 42.3-42.6 in SDF and 42.43-42.8 in SXDS although these luminosity ranges are close to but still within our survey limits. Though actual sensitivities could be somewhat shallower than our estimates, it is also possible that the very faint end of the z = 7 Lyα LF might be suppressed as Lyα emissions of fainter LAEs are more preferentially attenuated by neutral IGM as suggested by Matthee et al. (2015) . However, we cannot distinguish between these two possibilities from the current data alone. Hence, we derive the two different cumulative Lyα LFs of z = 7 LAEs: (1) the LF excluding the faintest Lyα luminosity bins within our survey limits where no LAE candidate is detected and (2) the LF including these faintest bins.
2. We compare the differential Lyα LF of our z = 7 LAE candidates to those of LAEs at z = 5.7, 6.6 and 7.3 in SXDS and COSMOS fields mostly based on photometric LAE candidates derived from the previous Subaru Suprime-Cam LAE surveys conducted by Ouchi et al. (2008) , Ouchi et al. (2010) and Konno et al. (2014) . The z = 7 Lyα LF exhibits a significant deficit from the z = 5.7 one from the bright to faint end. Also, the z = 7 Lyα LF shows a significant deficit from the z = 6.6 one at the fainter end log L(Lyα) (erg s −1 ) < 43.0 and the both LFs are almost same at the bright end log L(Lyα) (erg s −1 ) > 43.0. Moreover, the z = 7.3 Lyα LF shows a significant deficit from our z = 7 Lyα LF from the bright to faint end.
3. We also compare the two cumulative Lyα LFs of our z = 7 LAE candidates to those of LAEs at z = 5.7 and 6.6 in SDF mostly based on spectroscopically confirmed LAEs derived by the Kashikawa et al. (2011) . Their LAEs were also originally detected by using Subaru Suprime-Cam. The both cumulative z = 7 Lyα LFs show significant deficits from the z = 5.7 LF from bright to faint end. On the other hand, the cumulative z = 7 Lyα LF excluding the faintest bins does not exhibit any deficit from the z = 6.6 LF. However, the cumulative z = 7 Lyα LF including the faintest bins shows a deficit from the z = 6.6 LF at the faint end log L(Lyα) (erg s −1 ) < 42.7.
4. We fit the Schechter function to our z = 7 LAE Lyα LFs fixing the slope to α = −1.5 (to facilitate the comparison with previous LAE studies) and derive their characteristic luminosities and number densities, L * and φ * . Also, we fit the Schechter functions with their L * or φ * fixed to those of the z = 5.7 or 6.6 Lyα LF to our z = 7 LAE Lyα LFs in order to see which of the luminosity evolution or the number evolution is more dominant factor in the evolution of the Lyα LF at z = 5.7-7 and z = 6.6-7. We find that the number evolution is more dominant. Combining these results with the L * and φ * evolutions at z = 5.7-6.6 and z = 7-7.3 derived from similar Schechter function fittings, we estimate the rates of decrease in L * and φ * (∆L * /∆t and ∆φ * /∆t) at the redshift ranges of z = 5.7-6.6 (∆t = 0.16 Gyr), 6.6-7 (∆t = 0.06 Gyr) and 7-7.3 (∆t = 0.04 Gyr) in the cases of the pure luminosity and pure number evolutions. We find that L * and φ * decrease acceleratingly as redshift increases.
5. Meanwhile, we compare the UV LF of our z = 7 LAE candidates in SDF with those of the z = 5.7 and 6.6 LAEs in SDF derived by the same method by Kashikawa et al. (2011) . Kashikawa et al. (2011) already found that the UV LF does not evolve much between z = 5.7 and 6.6. We newly find that the z = 7 LAE UV LF shows a deficit from z = 5.7 and 6.6 ones although these three LFs are consistent within statistical errors and cosmic variance. This implies that LAEs evolve between z = 6.6 and 7, and this partially contributes to the decline of the Lyα LF from z = 6.6 to 7.
6. We also compare the rest frame Lyα EW (EW 0 ) distribution of our z = 7 LAE candidates in SDF with those of the z = 5.7 and 6.6 LAEs in SDF derived by the same method by Kashikawa et al. (2011) . Kashikawa et al. (2011) already found that the EW 0 's of the z = 6.6 LAEs are systematically lower than those of the z = 5.7 LAEs. We further find that two thirds of our z = 7 LAE candidates detected in the UV continuum exhibit EW 0 's lower than those of the z = 6.6 LAEs. This implies that Lyα emission of LAEs could be more strongly suppressed at z = 7 than z = 6.6 by possibly higher fraction of neutral IGM at z = 7.
7. Furthermore, we combine the number, Lyα luminosity, UV luminosity densities (n Lyα , n UV , ρ Lyα and ρ UV ) of our z = 7 LAEs with those of the z = 3. 1, 3.7, 4.5, 5.7, 6.6 and 7.3 LAEs calculated by integrating the Lyα and UV LFs to log L(Lyα) (erg s −1 ) = 42.4 and M UV = −21 mag to trace the redshift evolution of these densities which could reflect the change in neutral IGM fraction with redshift. We find that the n Lyα and ρ Lyα do not change much at z = 3.1-5.7 but modestly decrease at z = 5.7-6.6, slightly more rapidly decrease at z = 6.6-7 and more rapidly decrease at z = 7-7.3. Meanwhile, the n UV and ρ UV increase at z = 3.1-5.7, very modestly increase or stay constant at z = 5.7-6.6 and decrease at z = 6.6-7. Moreover, we estimate the rates of decrease in the densities (∆n Lyα /∆t, ∆n UV /∆t, ∆ρ Lyα /∆t and ∆ρ UV /∆t) at the redshift ranges z = 5.7-6.6, 6.6-7, and 7-7.3. We find that ∆n Lyα /∆t and ∆ρ Lyα /∆t get higher as redshift increases, implying accelerating decrease in n Lyα and ρ Lyα at z > 5.7. Also, ∆n UV /∆t and ∆ρ UV /∆t are close to zero at z = 5.7-6.6 but comparable to or even higher than ∆n Lyα /∆t and ∆ρ Lyα /∆t at z = 6.6-7. All these results imply that neutral IGM fraction could acceleratingly get higher at z > 5.7 and suppress Lyα emission of LAEs while LAEs evolve between z = 6.6 and 7, partially contributing to the decrease in n Lyα and ρ Lyα from z = 6.6 to 7.
8. We also compare our three types of observed z = 7 LAE Lyα LFs (one differential LF and two cumulative LFs; see above) with the z = 5.7 and z = 7 Lyα LFs in the case of x HI = 0 theoretically predicted by the KTN10 LAE evolution model. Although the KTN10 z = 7 Lyα LF already includes effect of the LAE evolution from the KTN10 z = 5.7 Lyα LF matched to the observed z = 5.7 Lyα LF, our observed z = 7 Lyα LFs show significant deficits from the KTN10 z = 7 Lyα LF. These discrepancies can be reconciled if we attenuate the Lyα luminosities of the KTN10 z = 7 Lyα LF by a factor of 0.6-0.7. This factor corresponds to the upper limit on the IGM transmission of Lyα photons at z = 7, T IGM Lyα,z=7 /T IGM Lyα,z=5.7 ≤ 0.6-0.7 as our z = 7 Lyα LFs are based on photometric LAE candidates that may include some contaminations. We also independently estimate this factor to be 0.67 by using the ρ Lyα 's and the ρ UV 's of LAEs at z = 7 and 5.7 and the equation (11). We convert T IGM Lyα,z=7 /T IGM Lyα,z=5.7 into the neutral IGM fraction at z = 7, x z=7 HI by using several different reionization models. We obtain x z=7 HI 0.4, suggesting that reionization was not complete at z = 7. Our result combined with estimates of x HI from previous studies of LAEs at other epochs, QSOs, GRBs and LBG Lyα fraction also suggests that x HI increases rapidly from ∼ 10 −4 to 0.6 at z ∼ 6-8. This is consistent with the most recent constraint on reionization history from the Planck 2016 CMB observations intermediate results as well as the contribution from star-forming galaxies derived by the Robertson et al. (2015) model and the cosmic ionizing emissivity by the Bouwens et al. (2015b) model. 9 . Finally, we examine the sky distribution of our z = 7 LAE candidates in SDF and SXDS. We find that LAEs near ionizing sources (either UVbright LAEs or LBGs) within typical ionized bubbles (R HII < 13 comoving Mpc at z = 7) and/or the UV-bright LAEs that are themselves moderate ionizing sources would be preferentially seen by our narrowband NB973 observations. However, we cannot rule out the possibility that the sky distri-
